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“Y Potoc que en oriundo dice brota 
Asi a Potosi denota, 
Porque brota y desata 
En ricos filos la luciente plata.” 


Frey Diego in Cronicas Potosinas.? 


ANOTHER version of the origin of the name Potosi follows for 
the benefit of those who hesitate to accept Frey Diego’s pretty 
stanza. When the Inca Huaina Capac, upon advice of some 
Indians began to prospect the veins of the mountain there was 
heard a great sound of thunder and a voice cried: “ Pachacamac 
janac pachapac guaccaichan,” which is good Aymara for “The 
Lord has reserved this for others who will come after you.” 
So the work ceased but the district was called Potosi which in 
Quechua means big thunder or perhaps more to the point “ the 
big noise,’ and this remained the name wher the Spaniards 
opened the mines in 1545. F. C. Lincoln presents another deri- 
vation from the Quechua word Potojchi, which he says means a 
fountain of silver; certainly an appropriate appellation. 


1It is curious how the idea of ore growing in veins penetrates the old mining 
lore. One is reminded of the old German miner’s prayer: 


“Es griine die Tanne, es wachse das Erz, 
Gott gebe uns allen ein fréhliches Herz.” 
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PART 1.2 GENERAL DESCRIPTION. 


Potosi, the most productive silver mining district the world 
has seen, is situated in the Eastern Cordillera, which rises on the 
east side of the interior plateau or Altiplano. The Altiplano has 
an elevation of about 12,500 feet. A branch railroad, about 
100 miles in length, connects Potosi with the main Antofagasta- 
La Paz line, at Rio Mulato. The dry plains with salt flats and 
red and yellow volcanic hills remind one of Arizona. ‘There is 
a scattered vegetation of coarse bunch grass and grease wood. 

The Cordillera Real here appears as a low bare range with 
little or no snow. The train ascends over volcanic flows and 
enters the range in a dry open valley bordered by slate hills 500 
to 1,000 feet high. Then rising rapidly the road continues in 
broad curves over gray, rhyolitic lava flows with sandy surface 
and occasional white rounded outcrops. The whole Cordillera 
Real is here made up of an uplifted rhyolite plateau. The 
Cumbre, or summit, is crossed at an elevation of 15,750 feet, said 
to be the highest railroad pass in the world. Then the long 
road winds down the east side of the dissected plateau in valleys 
and sharp canyons of the headwaters of the Pilcomayo. The 
vegetation is a little more abundant. Besides bunch grass there 
are varieties of cactus, one about 15 feet high looking much like 
the sahuaro of Arizona. Dwarfed trees (quenua) similar to 
mountain mahogany appear in clumps. There is considerable 
evidence of cultivation shown by clearings and stone fences; prob- 
ably the potato is the main crop; few Indians are seen. This land- 
scape continues, the valleys deepening and widening until Potosi 
is reached late at night. Near this point the rhyolite plateau ceases 
and hills of Paleozoic slates appear under the volcanic flows. 
In the morning we find ourselves in an open valley bordered by 
slate hills; in the distance to the north appear red areas of Cre- 
taceous rocks. The rhyolite flows are no longer in view. Tow- 
ering above the landscape there rises to the south the beautiful 

2 By W. Lindgren. 

3 The following notes are based on a few days visit to Potosi in 1921, in com- 


pany with Messrs. Fred Hellman and Horace Graham. A fairly complete collec- 
tion of ores from the various tunnel levels was obtained. 
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Fic. 1. Cerro Potosi, looking south from the valiey. 


pyramidal Cerro Rico de Potosi bathed in brilliant sunlight (Tig. 
1). Snow squalls pass now and then. It is warm in the sun but 
very cold in the shade. The imperial city of Potosi, “ villa rica y 
opulenta,” lies spread out on the slopes at the foot of the moun- 
tain. It is interesting indeed to stroll along the narrow streets 





Fic. 2. Cerro Potosi, looking up from the upper part of city. 
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lined with mysterious looking houses with their balconies of ele- 
gant lace-like iron work, homes of ancient corregidors and 
wealthy miners (Fig. 5) ; to visit the innumerable churches, some 
in decay, others with elaborate sculptures well-preserved; to pass 
the old mint where for centuries the silver pesos clanked as they 
were pressed from the plates of Potosi silver metal. A city im- 
posing even in its decay ; a city in which memories of tragedies and 
comedies in the search for wealth seem to be floating about like 
specters. 

The mules are here and the cavalcade starts to climb the 2,500 
feet to the summit, past the outlying houses (Fig. 2) and up the 
long slopes covered with glacial boulders. The mountain rises 
above us, its surface almost obscured by innumerable dumps, blu- 
ish on the lower slopes in the sulphide ores, brownish nearer the 
summit where the pacos (the oxidized ores) prevail. To the right 
we look down along the long line of the “ haciendas de beneficio,” 
each of them old enough to show the Spanish coat-of-arms carved 
on their portals. We think of the long line of azogueros who 
lived and labored here from the time of Alonzo de Barba; we 
seem to see the llama trains which, century after century, car- 
ried the ores down from the tunnels (Fig. 3). 

Steadily rising, we pass many tunnels (Fig. 4), the entrances 
ornamented by masonry, and pass the canjas where the Indian 
women squat and sort the ore in small pieces about the size of a 
walnut. The trail is good almost to the summit which forms a 
rubble of boulders of strongly silicified porphyry ; numerous veins 
are crossed, one of them, Veta Mendieta, right at the crest of the 
mountain. 

The view is amazing in its immensity but the strongest im- 
pression is that of a vast dissected plateau—north, west, and 
south. Towards the east the rocky ridges of the Cari-Cari Range 
stand in the way of a far view down the deepening canyons of 
the Pilcomayo. One stands on a pyramid towering a thousand 
feet or more above the plateau. To the south the view ranges 
iar into the Argentine, the slate plateau cut into by a thousand 
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gorges; above it rises the peak of Chorolque, a mountain similar 
to the Cerro de Potosi and like it seamed by tin-bearing veins. 
To the West the rhyolite plateau dominates; to the north its sur- 





Fic. 3. Reduction plants, looking down towards the valley. Ridge of 
Paleozoic slate beyond. Summit of plateau shown in distance. 


face borders against the snow-flecked slate ridges of Cordillera 
de los Frailes. In all it is a wonderful scene of mass elevation, 
peneplanation and renewed erosion. Scarcely visible to the north- 
east the plateau is warped into the still higher elevations of Cor- 
dillera Quimsa Cruz. 

Condensed to the highest degree the geological history might 
read as follows: Long accumulation of Paleozoic sediments in 
a vast geosyncline. Folding and elevation at the end of the Pal- 
eozoic—the first birth of the Andes. Erosion. Unconformable 
deposition along the whole Andean chain of thick Jurassic and 
Cretaceous beds with heavy intercalated lavas. Second folding 
and uplift, probably followed by peneplanation. In the Pliocene 
a low-lying region about Potosi with swamps and lakes in which 
accumulated clayey plant-bearing beds. Great effusion of acidic 
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lavas from intrusive vents like Cerro de Potosi, or from dikes, 
in part laccolithic intrusions of quartz monzonites like those of 
Quimsa Cruz. Then follows a strong vertical uplift with its 
sequence of erosion and peneplanation and the peeling out of 
residual monadnocks like Potosi and Chorolque. A final verti- 
cal uplift, probably post-Pliocene, to present elevations of 12,000 
to 16,000 feet and the establishing of the present net of drainage 





Fic. 4. Portal of Socavon Moropoto. 


and the deep canyons which now cut deep below the last pene- 
plain. A sketch only of the history but I believe correct in the 
main. 

Cerro de Potosi is a relatively small mass of rhyolite porphyry 
or quartz monzonite porphyry, about two miles in length from 
north to south, which in places cuts Paleozoic slates while in other 
places it intersects and metamorphoses beds of plant-bearing shale 
believed to be of late Pliocene age.* These beds are well exposed 

41 believe these facts were first established by A. F. Wendt in a notable paper in 
1890. Wendt says that the mineralogist F. A. Canfield first discovered this Plio- 
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Fic. 5. Street scene 
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in residence portion of Potosi, Cerro Potosi in the 
background. 
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Fic. 6. Polished section of ore from Socavon Esperanza Galeria 
Flohagen showing cassiterite (dark) replacing pyrite (white). Magnified 
95 diameters. 
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in the Socavon Carrasco where they are horizontal and little al- 
tered. In Socavon Caracoles the Hernandez vein lies on the 
contact of porphyry and shale breccia, while the San Miguel in- 
tersects the shales, here greatly brecciated, pyritized and standing 
steeply. Further away from the contact they are almost hori- 
zontal. There is no doubt about the intrusion of porphyry in the 
shales. The contact metamorphism is not very strong, however. 

As noted by Wendt the intrusive mass tends to contract on the 
lower levels. Only exact work can determine its precise mode 
of occurrence. I believe it to be a near surface intrusion. The 
various sections presented in the literature are not very satisfac- 
tory, nor has the relation between the shales and the older slates 
been established with care. 

The numerous veins trend N.-S. and stand at steep angles; in 
the upper part of the mountains they mainly intersect porphyry. 
They have a great tendency to branch and Wendt explains the 
richness of their upper part by the assumption that they locally 
widened to “ stockworks.” In the lower levels there are fewer 
of them exposed and their ore shoots appear to be smaller. 

From East to West the following main veins are known: Ta- 
jopolo, Mendieta, Rica, Estano, Bronce, Bolivia, Hernandez, San 
Miguel and Asuncion. ‘The elevations of the tunnels obtained 
from the best sources available (but not guaranteed) are as 
follows: 


UIE lich css: aiatah vetoes S5 S10 o< eataierenne <6 aha aare 4,878 meters above the sea 
PUSAN cals Cae bed Ky 50 e's sik ea erctesg ae Whe Seen 4,617 
PURINE AGG >. 3. 5 Ghost aie dats <.ciaes 4,570 
COIN one alg dd acd BARS ao ero Bh sss hewn dee 
WII re CROSS asad ehh i RO SS ohare 4,459 
RR RNEN IIe Se evar G's <.icle are means ee ones See 4,460 
MUTE O 5S ie arcs aA aes ane Poatealedalewcehes 
RN oi oec hiaiciYoid os mar§ kiwis pode cuss tre aioe arate 4,354 
ROMIBR VERE soo 6a ict hc hale Sb aielees dns Bees 4,287 
PT OND oa. 5 503: silene G clundsiveln b wiesVarkralle eee 4,246 
mRNIO CRIMI OVEL | ood a's. dc Sate eset dodo s 4,189 
Winze from Santa Catalina ................ 4.139 
LET ETC, GSE nn a a 3,904 


cene flora which in 1887 was described by H. Engelhart in the Abhandl. d. Gesell- 
schaft Isis im Dresden. The older slates are called Jurassic by Wendt and F. C. 
Lincoln, but I think there is little doubt of their Paleozoic age. 








240 WALDEMAR LINDGREN AND J. G. CREVELING. 


In 1921 mining operations were proceeding in practically every 
one of the tunnels mentioned. Most of them were operated by 
Mr. Luis Soux, while the Socavon Real forms the main outlet 
for the operations of the Royal Silver Mines, Ltd., operated by 
Aramayo Francke & Co. The third operating group is Bebin 
Hermanos. 

Quite naturally the silver mines of Potosi have been described 
by various authors; the extensive literature is in considerable 
part listed by Miller and Singewald (6).° But the descriptions 
are more often general than detailed and concern themselves more 
with metallurgy and mining than with an exact description of the 
ore. Of modern accounts Stelzner’s (3) paper stands out pre- 
eminently. Other good accounts have been written by H. Reck 
(1), Miller and Singewald (6), A. F. Wendt (2) and F. C. 
Lincoln (5). None of them give a detailed account of the ore 
based on modern metallographic methods. 

It is not intended to discuss the production figures of Potosi. 
Estimates have been made indicating that the total output of 
silver since 1545 is about 30,000 tons of silver. That the veins 
contained tin was known already by Alonzo de Barba in the 
seventeenth century though its utilization only dates from about 
1890. 

During the early years and especially after proper processes 
of reduction had been introduced the production was very high, 
but it was marked by intermittent periods of lower output caused 
by various contingencies. Much of the oxidized ore ran far 
above 100 ounces to the ton. About 1618 it is said the ore aver- 
aged about 52 ounces per ton. In 1890, according to Wendt, 
400,000 ounces were produced. During the last thirty years the 
tin is generally recovered, besides silver, and is in part smelted in 
the district. I have no figures showing the annual output of these 
metals, but they are not large. 

The oxidized ores above the Socavon Caracoies are of course 
exhausted in the main; the ore minerals seem to have been cerargy- 
rite, native silver and also more or less argentite(?) and ruby 


5 Numbers in parenthesis refer to bibliography at end. 
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silver.© The limit between the oxidized and the sulphide zone 
is irregular, but extends to a depth of about 300 meters below the 
summit. There is no definite zone of enriched sulphides. The 
sulphide ores will be described below. They do not differ greatly 
in the individual veins. At present, in the deeper levels the ore 
may average 10 ounces of silver per ton and 4 per cent. tin. This 
is hand sorted to say 40 ounces silver and 8 or Io per cent. of 
tin. Richer shoots occur in places. The ores are principally 
composed of pyrite, with a smaller amount of quartz. Wendt’s 
analysis of the Cotamitos ore shoot in Socavon Real runs as 
follows: SiOz, 17.90; Cu 2.51; Sn 3.52; Fe 44.64; S 31.83. A 
more complete analysis quoted by Wendt presumably from the 
same vein and shoot, runs as follows in per cent. : 


pene fre ISO etd. eae 13.50 SEE toc ete a Se maa cle hae 06 
UD as. 5 sad adra ero SE RSA 3-04 WOM. sched utd comin seat mete 5.15 
Be rcs a a vias Sa a\dnus. 6a Adah es sg ee 29.06 MMi ws tareigis psa tere asia Ds Sse 0.63 
RON Alen oe te aig ovate ere Rook ne 0.32 Bis a vistaic Po ave grstaaeisllat sus staid, ats 0.13 
Bee Asteh Gt) ac) aha 0.00 Bil. (2B eles Aes 1.45 
ee ee 0.00 PED 5s. state eprsigoe nis 6 94a, 1.30 
PP toi re ae ae Dene cane 32.35 


It contained also Ag 104.66 oz. per ton, Au 0.045 oz. per ton. 

The absence of CO, and MgO and the small quantity of CaO 
is noteworthy. Alkalies are not determined. 

Minerals.—Stelzner in 1897 gave the first list of minerals de- 
termined; they are as follows: Pyrite, chalcopyrite, tetrahedrite, 
arsenopyrite, sphalerite, galena, stannite, cassiterite, quartz, 
“steinmark.” In part anticipating the second section of this paper 
the ore minerals determined are as follows: Quartz, cassiterite, 
pyrite, arsenopyrite, sphalerite, stannite, chalcopyrite, tetrahedrite, 
andorite, pyrargyrite and proustite, jamesonite, stibnite, matil- 
dite, chalcocite and covellite. 

The Vein Structure —The veins are usually sharply defined and 
frozen to the wall. The country rock is bleached and altered 
and contains more or less pyrite. There is more or less drusy 
fine-grained quartz. The structure is massive but sometimes 
faintly banded by streaks richer in tetrahedrite or cassiterite: 


6 Stelzner mentions stephanite, collected by Helms in 1798. 
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frequent druses filled by jamesonite were noted. Socavon Cara- 
coles, connecting with Lariba on the west side of the mountain 
intersects the following veins from East to West: Rica, San 
Hilario, Mendieta, Bronce, Bolivia, Hernandez and San Miguel. 
At this level the Mendieta, the Bronce and the Hernandez are 
entirely oxidized. Stoping was proceeding in 1921 on the San 
Hilario above the tunnel level; the vein is 1.5 meter wide and 
consists of nearly massive sulphides with drusy pyrite and streaks 
of tetrahedrite. The ore shows no indication of supergene en- 
richment. 

In Socavon Santa Rita stopes were worked on the big Tajopolo 
vein, in probably Paleozoic slates. The vein was again 1.5 meter 
wide, sharply defined and without gouge walls. The stope was 
500 feet long and is said to have averaged 3 per cent tin and 12 
ounces of silver to the ton. 

The lowest tunnel entered was the Pailaviri, which intersects 
several veins in slate, and these do not appear to contain as much 
ore as above. A winze I10 meters deep connects the Pailaviri 
with the Santa Catalina level, the deepest in the district in 1921. 
Here the Tajopolo vein is worked; it is 1 meter wide and frozen 
to the slate walls, as usual. Predominantly pyritic, the ore con- 
tains streaks of arsenopyrite, sphalerite and tetrahedrite, also 
considerable ruby silver. It is reported to contain 4 per cent. 
tin and 10 ouncés silver to the ton. Ore had also been opened 
on the same vein in a winze 50 meters below the Santa Catalina. 

Relation of Ore to Depth.—lIt is certain that the oxidized ores 
worked in the early days were very rich. It is equally certain that 
in the deepest levels the ore is poorer and there are fewer ore 
shoots than in the upper levels. While there seems to exist a 
distinct decrease in silver it seems probable that the tin in the ore 
remains about constant through the whole vertical range of about 
750 meters, but in the lower levels stannite would seem to be more 
abundant that cassiterite, while argentiferous tetrahedrite seems 
to predominate in the upper levels. Hypogene andorite and ruby 
silver are found more abundantly in the deepest levels. The up- 
per ores including the lower part of the oxidized zone have not 
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been sufficiently studied, but at any rate no weil-defined zones of 
cassiterite enrichment or of secondary sulphides were observed. 
Supergene chalcocite, covellite, chalcopyrite and probably also 
pyrargyrite were observed, but no argentite was identified. The 
veins probably belong to the uppermost mesothermal or lowest 
epithermal zone. 

At first glance the veins seem to be of the “filling of open 
space”? type. On closer consideration it seems more probable 
that they are formed largely by replacement of narrow sheeted 
zones or of fissures filled with attrition products. 

There is no marked indication of vertical or lateral zones of ore 
minerals. 


PART II. EXAMINATION OF ORES AND COUNTRY ROCK.’ 
THE COUNTRY ROCK. 


No specimens of the country rock of Potosi were available 
which would be suitable for analysis; even in the freshest looking 
rocks the feldspars were almost wholly decomposed. The in- 
trusive rock may be referred to as “ quartz porphyry ” but whether 
it is a rhyolite porphyry or a more intermediate type must be left 
in abeyance. It is light colored, grayish with rounded quartz 
phenocrysts and small feldspars, the latter mostly soft and white. 
At the surface a strong silicification is apparent. The pyrite and 
the secondary limonite have been leached leaving a cellular rock 
extremely rich in quartz. It is mentioned in the older literature 
that Gmelin analyzed the rock from the summit and found it to 
contain about go per cent. silica. 

In specimens from the mine workings there is a considerable 
amount of pyrite, in small disseminated grains and crystals. 
Wendt mentions that this replacing pyrite in specimens from the 
Socavon Real contains only 0.25 ounces silver per ton. 

Thin sections of the altered rocks show the fairly large quartz 
phenocrysts up to 8 m.m,. in diameter, sometimes enlarged by 
secondary quartz in parallel orientation; further, outlines of 
phenocrysts of feldspar and mica (biotite probably) now com- 

7 By J. G. Creveling. 
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pletely altered to sericite, fine-grained quartz and rutile. There 
are also a few grains of apatite and zircon. The groundmass 
is replaced by fine-grained quartz, with some sericite. 

The wall rock has thus suffered silicification, with a less de- 
gree of sericitization and pyritization. In addition all of the 
altered specimens contain alunite in small amounts. In places 
alunite lines the walls of little quartz veins; in most places it is 
associated with the fine-grained quartz replacing the groundmass. 
Cassiterite has also been introduced into the wall rocks but always 
in minor amounts. 

Finally, there is a mineral occurring in most minute colorless, 
non-pleochroic needles, rather widely spread both in groundmass 
and altered phenocrysts. Its index of refraction is higher than 
quartz and it seems to have a negative elongation. It is not un- 
likely that it is tourmaline but the identification is not final. 


THE ORES. 


The ores are complex, rather fine-grained and massive aggre- 
gates (Fig. 7), chiefly consisting of quartz, pyrite, cassiterite. 
sphalerite, andorite, chalcopyrite and other minerals. The tin is 
contained in cassiterite and stannite, the latter quite abundant in 
places. The silver is contained in tetrahedrite, andorite, ruby 
silver and matildite. In the present metallurgical practice the tin 
contained in the stannite is almost wholly lost. Some of the ore 
is quite compact but most of the specimens are more or less drusy 
with pyrite, tetrahedrite, quartz, or fine, matted jamesonite needles 
lining the druses. 

Pyrite——Pyrite occurs abundantly with the other minerals in 
fine grained and also in drusy masses, often showing well-defined 
cubes and sometimes octahedrons. It is fractured and replaced 
by the later minerals and is in general the earliest mineral in the 
ore. Its relations to the arsenopyrite is hard to determine defi- 
nitely, but the pyrite seems to straddle the period of formation of 
the arsenopyrite; only in one section a later generation of pyrite 
can be seen cutting stannite and tetrahedrite. 

Arsenopyrite—Small amounts of euhedral arsenopyrite, as- 
sociated with pyrite, occur in nearly every section examined. 








Th 
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Cassiterite.—This mineral occurs in practically all of the ma- 
terial examined, and is the source of the tin from Potosi. It is 
usually associated with quartz but in some instances occurs as 
residuals in stannite, tetrahedrite, and sphalerite. Cassiterite has 
also been introduced into the altered country rock. The Potosi 
cassiterite is of two varieties, the most common of which is light 
yellow. It occurs both massive and disseminated through quartz. 
The massive yellow cassiterite from one of the upper tunnels 
shows a distinct colloform structure in the polished section, but 
this does not appear in thin section. Most of the yellow cassi- 
terite is strongly pleochroic. It replaces pyrite (Fig. 6), arsenopy- 
rite, and is usually a little later than the early quartz. Although 
banding shows several successive generations of quartz and cas- 
siterite in some of the ore, the first quartz is always earlier than 
the first cassiterite. The other variety of ‘cassiterite found, is 
very dark colored and is usually coarsely crystalline. A speci- 
men from Galleria Flohagen shows the coarse dark variety of 
cassiterite deposited on euhedral quartz crystals in a cavity. No 
wood-tin was found in the specimens.*® 

Sphalerite—Sphalerite occurs scattered in small amounts in 
most of the ore, and is a light colored variety. Its period of 
formation began after that of the first stannite and continued 
into that of the first tetrahedrite. Sphalerite veins and replaces 
stannite and some of the early tetrahedrite. 

Stannite.’—Stannite is one of the characteristic minerals in the 
Potosi ore. It occurs in varying amounts in practically every 
section examined. In the hand specimen it has a slight bronze 
tinge to a dark greenish gray color. In the polished section it is 
brown and reacts microchemically according to the stannite reac- 
tions given in Davy-Farnham (9). It seems to be a prevalent 
idea that whenever stannite is brown, it is because of small par- 

8 Stelzner mentions (i.e., p. 97) concentric masses of fine grained cassiterite “of 
such appearance that one might call it wood tin.” On the other hand he states 


(p. 109) that a shipment of silver ore from Potosi to the smelting works at Freiberg 
consisted chiefly of normal wood tin. 


9 Stelzner gives an analysis of Stannite from Potosi as follows ((3), p. 131): 
S 29.0; Cu 29.0; Sn 27.50; Fe 13.75; Zn 0.75. 
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ticles of chalcopyrite scattered through it. The Potosi stannite 
contains no such regularly aligned inclusions of chalcopyrite and 
sphalerite as mentioned by Schwartz (12) and Schneiderhohn 
(11) although it does contain some rounded, irregularly aligned 
inclusions of chalcopyrite and andorite, which appear to be later 
and due to replacement. In some places chalcopyrite does occur 
in sufficient quantities in very fine little specks to give the stan- 
nite a distinctly yellow tinge, but this occurrence is rare and the 
general brown color of Potosi stannite can in no way be attributed 
to chalcopyrite. Andorite is present in sufficient amounts to give 
the stannite a small amount of silver. Stannite generally replaces 
pyrite, cassiterite, and to a much less extent quartz. It often 
occurs in the tetrahedrite as residuals. 

Tetrahedrite——This mineral occurs in most of the material 
examined, sometimes in beautiful little tetrahedrons lining druses, 
and often massive, replacing stannite. In polished sections it is 
brownish-white and somewhat lighter in color than the stannite. 
The tetrahedrite reacts somewhat differently from the reactions 
given for it in Davy-Farnham (9). Nitric acid tarnishes it 
readily to iridescence; KCN tarnishes it slightly and brings out 
the scratches ; and KOH tarnishes it brown. These tests indicate 
that the mineral is freibergite, the silver-bearing variety of tetra- 
hedrite. With but few exceptions the mineral! when isolated 
tests for silver. It contains a few small inclusions of andorite 
and sometimes a small amount of matildite, but contrary to a 
common concept not enough to account for the strong silver reac- 
tions. A small crystal from one of the druses was broken in 
two. One half was embedded in sealing wax and polished, the 
other half was tested microchemically for silver. The polished 
half showed pure tetrahedrite with no inclusions, while the other 
half gave a strong silver reaction, showing that the silver is in 
chemical combination in the tetrahedrite. Tetrahedrite is always 
later than the stannite (Fig. 9), and is sometimes later, sometimes 
earlier, than sphalerite. In some of the ore it was the last min- 
eral to form in the druses. 

Chalcopyrite. 








This mineral occurs in minor amounts in all 
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of the ore and is of three distinct generations. In some of the 
ore from the lower levels it is one of the early minerals. In 
much of the ore, it occurs in little veinlets cutting the stannite 
(Fig. 8) and tetrahedrite, and sometimes as inclusions in the two. 
One specimen from the oxidized zone shows chalcopyrite, which 
is believed to be of supergene origin. 

Andorite-——Andorite occurs widely scattered through the Po- 
tosi ores, especially in the ore from the Socavon Santa Rito. 
As far as known no mention of andorite at Potosi has been made 
in the literature. Andorite, jamesonite, and possibly beegerite 
are the only lead minerals found in the specimens examined, and 
as the jamesonite occurs only in the druses, and the possible 
beegerite is a very rare constituent, the andorite may account for 
the former belief that the Potosi ore contained galena. Ando- 
rite shows no cleavage, and to the eye is slightly lighter colored, 
and shows a more brilliant luster than tetrahedrite. It breaks 
with a concoidal fracture, is soft and very brittle. This is in- 
dicated by the way it goes to powder with the slightest pressure, 
and by the difficulty with which it is polished. In the polished 
section, it is slightly bluer, a little softer, and much more brittle 
than galena. The Potosi andorite reacts to the Davy-Farnham 
(9) tests as follows: HNO, tarnishes brown to iridescent and 
rubs same; HCl, negative; KCN, negative; FeCl, tarnishes faint 
brown, rubs clean; HgCl, negative; KOH, quickly tarnishes 
brownish black to iridescent, rubs brown. ‘This reaction is 
stronger than listed. 

It tests microchemically for silver, lead, antimony, copper, and 
sulphur. A small sample, laboriously hand picked from a speci- 
men in which the andorite occurred associated with pyrite, cassi- 
terite, and quartz, was sent to Mr. Earl V. Shannon for analysis; 
the results are given below: 
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Fic. 7. Polished section of typical massive sulphide ore, Socavon Es- 
peranza, Galeria Flohagen. P, pyrite; C, chalcopyrite; S, stannite; T, 
tetrahedrite; Sph, sphalerite. Magnified 50 diameters. Drawn from 
photograph. 

Fic. 8. Polished section of Tajopolo ore, Socavon Santa Rita, showing 
chalcopyrite (C) cutting stannite (S). Magnified 60 diameters. Drawn 
from photograph. 

Fic. 9. Polished section of ore from Galeria Flohagen, Socavon Esper- 
anza, showing tetrahedrite vein (7) cutting stannite (S). Magnified 50 
diameters. Drawn from photograph. 

Fic. 10. Polished section of ore from Rica vein, Socavon Santa Rita, 
showing pyrargyrite (P) vein cutting andorite (4). Magnified 50 di- 
ameters. Drawn from photograph. 

Fic. 11. Polished section of ore from Tajopolo vein, Socavon Santa 
Rita, showing andorite (black), replacing cassiterite (C) and slightly 
rounding quartz crystals (Q). Magnified 60 diameters. Drawn from 
photograph. 
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Analysis %. impurities. 

ROMERE Sie isc gs basins ee Re epee oes oe Mae + > ee 
MOON Gc, ov gies ws < ple w selec sae RS oe ree 16.28 21.12 
OE 2 Desa gira ae wens tk bineam un om ers = oe 10.16 13.12 
MOWINS spare’ vio ou jos s'eia's oo Gis Sa pes ieee a Bee a Bee i = ms ween 
SSOODER - 1%, Sinn skier ahs awe eee ce sna Csea Sen 0.64 0.83 
PASO. oes eins ee hk eo Mnien ewe wyblsss baleeise 31.34 40.67 
PEMA’. 5 tec wee cies suc cach aoe: CAR coy eee 0.38 0.49 
BSMMEIOINERE onc 5 SiS is wins bios Wig anise sib Sie-« Gio asters wale eee 22.36 23-77 

AMMAL 52 cues eee een cea e eae ae owen ae 100.20 100.00 


The iron is probably all present as pyrite, and the sulpho-salt, 
when the impurities are deducted, has a composition of andorite. 

The ratio is: Pb 103; Ag 121; Sb 333; S 743, or nearly 
PbAgSb,;S;. A polished section of this material shows andorite 
filling in between the quartz crystals. This effect is probably due 
to the fact that the andorite has followed and replaced cassiterite 
and has only slightly attacked the surrounding quartz (Fig. 11). 
Another specimen labelled “ silver ore” shows massive andorite, 
with pyrite residuals, veined by ruby silver. Andorite is later 
than and veins tetrahedrite and is apparently followed only by 
jamesonite and ruby silver (Fig. 10) in the paragenesis. 

Ruby Silver —These minerals occur in much of the ore, espe- 
cially in that from the Socavon Santa Rita and Pailaviri. It 
occurs both massive, veining and replacing stannite, and patchy, 
replacing tetrahedrite and andorite. From the occurrence, the 
broad veinlets of ruby silver are undoubtedly of late hypogene 
origin. The slightly oxidized ore shows much ruby silver, scat- 
tered about in small irregular masses replacing tetrahedrite and 
stannite in such a manner as to suggest a supergene origin. 

Pyrargyrite is the main ruby silver present, but in some places 
it carries inclusions of a bluer mineral with a red streak, which 
tests under the microscope for proustite. This blue mineral was 
called proustite although the amounts present were too small to 
isolate and test. 

In another place, the pyrargyrite contains very small inclu- 
sions of a white, slightly harder mineral. The only difference 
between it and the pyrargyrite, as far as microchemical tests are 
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concerned, was its negative reaction to KOH. This mineral was 
not identified. 

Maltildite (AgBiS.).—A soft, “ galena white” mineral, nega- 
tive to all reactions, occurs in small amounts in the tetrahedrite 
of several of the sections. The amounts present were, in all 
cases, too small to isolate and test separately. The ore tested 
fairly strongly for bismuth and silver, but gave no test for lead. 
The galena white mineral, being the only unknown, was blamed 
for the bismuth reaction, and as the color, hardness, and negative 
microchemical reactions agree, the mineral was called matildite. 
To further substantiate this, some of the ore was crushed and 
panned. Matildite has a higher specific gravity and therefore 
should, on panning, separate from the tetrahedrite and pyrite. 
A partial separation was gained and each portion was tested for 
lead, silver, and bismuth. Neither fraction gave a lead test, and 
the heavy portion gave a much stronger silver and bismuth test 
than the light portion. Matildite was one of the last minerals to 
form, replacing tetrahedrite and in turn being replaced by covel- 
lite and chalcocite. 

Beegerite (?) (PbBiS,).—Another soft “ galena white ” min- 
eral, reacting only to HNOs, occurs in the tetrahedrite of one of 
the sections. The specimen gave tests for lead and bismuth. 
There is no andorite present, so this mineral might possibly be 
beegerite. The amount present was too small to allow further 
tests. 

Jamesoniie.*°—Jamesonite occurs in druses in the ore, especially 
in that from the Socavon Santa Rita, in aggregates of fine, needle- 
like crystals, often having a matted appearance. It is sometimes 
compact and more coarsely crystalline, but is never found except 
in druses. The polished sections show no jamesonite whatever. 
The usual occurrence in in druses with, and coating, pyrite, cas- 
siterite, and tetrahedrite crystals. Jamesonite was always the 
last mineral to form in the druses, in which it occurs, and was 
probably the last hypogene mineral to come down. 

Stibnite——Stibnite was found only in the specimens from the 
Socavon Desamparados. The stibnite shows characteristic cleav- 


10 The possibility of this mineral being boulangerite is not excluded. 

















252 WALDEMAR LINDGREN AND J. G. CREVELING. 





age and twinning, and is entirely normal in color and to the 
microchemical reactions. As its only association is with later 
jamesonite, little can be said about its paragenesis. 

Covellite and Chalcocite —Covellite and chalcocite are the only 
definitely supergene minerals in the Potosi ores although the evi- 
dence regarding some chalcopyrite and pyrargyrite point rather 
strongly towards supergene origin. The first named minerals 
occur replacing chalcopyrite, sphalerite, tetrahedrite, and stan- 
nite in the ore from the Socavons. Only in the Socavon Desam- 
parados specimens is the copper enrichment pronounced, with 
both the massive, mottled blue and grey mixture of covellite and 
chalcocite replacing tetrahedrite, and the sooty black variety filling 
open spaces. 

GANGUE 


Quarts —Coarse comb-quartz, medium-grained turbid replace- 
ment quartz, medium-grained mosaic vein quartz, and fine chal- 
cedonic quartz are all present in the Potosi ores. Quartz is the 
main gangue mineral, and the main mineral in the rock altera- 
tion. The period of formation of the vein quartz extended 
throughout the ore deposition, beginning before any of the ore 
minerals had formed and ending by coating the drusy quartz with 
chalcedony. Under the microscope, the coarse quartz often 
shows growth lines and feathery extinction. 

Alunite-—Alunite occurs in compact, finely granular masses 
in considerable amounts in the ore from the Galleria Flohagen 
in one of the upper tunnels. It is pink, fairly soft, and shows 
some banding. The thin sections show it to be associated with a 
generation of quartz, which has filled-in druses in cassiterite. 
The alunite is uniaxial and positive, with negative elongation and 
a fairly high birefringence. Its indices of refraction are a= 
1.580 and 8 1.590. When massive, it shows small grains of cas- 
siterite and quite a bit of hematite scattered through it. All that 
can be said as to its paragenesis is that it is hypogene and asso- 
ciated with the first mineralization. Butler and Gale (8) sum- 
marized the occurrences of alunite. It apparently occurs as a 
hypogene mineral in epithermal veins, as an alteration product 
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resulting from the action of solfataric vapors, or waters contain- 
ing such vapors in solution, on rhyolitic rocks, and as an oxidation 
product. Besides the occurrence noted above, alunite occurs in 
the altered wall rock at Potosi from several of the levels, and 
also in early quartz veins and pyrite, cutting the altered wall rock. 

Topaz.—This mineral is mentioned by Davy (8) as occurring 
in ore from the San Miguel vein. It is not present in our speci- 
mens and thus, if correctly identified, must be very rare. 


OXIDATION PRODUCTS. 
Jarosite. 





Jarosite occurs as a coating in one of the oxidized 
specimens. It is fine-grained and yellow to the eye, but colorless, 
and exhibiting characteristic minute orthorhombic crystals, when 
viewed under the microscope. It is normal chemically and opti- 
cally. 

Halloysite——Massive halloysite between large pyrite crystals, 
occurs in the ore from the Socavon Santa Rita. It contains 
minute crystals of cassiterite, and may possibly be a product of 
decomposition of some other gangue mineral. 

Hematite and Limonite——Hematite (?) and iimonite are very 
common alteration products both in the wall rock and in the 
oxidized vein material. 

Sideronatrite (Na.(FeOH) (SO*).:2H,O).—This mineral oc- 
curs in silky, straw-yellow, fibrous masses, showing pinacoidal 
cleavage, in one of the oxidized specimens examined. It is 
pleochroic from 8 = yellow to a= colorless. The indices of re- 
fraction are a= 1.582 and £ 1.639. It is biaxial and negative, 
with an optic angle of around 30°, and has positive elongation. 
The blowpipe tests given in Brush and Penfield run the mineral 
down to sideronatrite. The optical properties of this mineral 
agree with those given for sideronatrite by Larsen (10) except 
that its indices of refraction are a little too high. It is associated 
with a greenish mineral resembling voltaite. 

Voltaite (Fe,”(FeOH).(Fe, Al),(SO,.)10°14H.O) ?.—This 
oil-green, resinous mineral occurs along with sideronatrite in one 
of the oxidized specimens which Dr. Lindgren bought from a 
miner at Potosi. It is biaxial and negative with a very small 
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optic angle; has a mean index of refraction of 1.595, with a bire- 
fringence of about .002. The chemical and blowpipe tests agree 
with those for voltaite as given in the table in Brush and Penfield 
(7). Larsen (10) gives voltaite as being isotropic with an index 
of 1.602. The mineral must at least be labelled “a mineral 
similar to voltaite.” 


PARAGENESIS. 
This paragenesis, shown in Table I, agrees very closely with 
that given by Davy (9) for the Bolivian silver-tin deposits, ex- 


TABLE I. 
PARAGENESIS 








Primary Supergene 
Early Late 
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cept for the longer period of deposition of chaicopyrite at Potosi. 
It also agrees with the succession established by Buerger and 
Maury for the closely related epithermal deposits of Chocaya 
(14). One may divide the period of deposition in (1) Pyrite, ar- 
senopyrite, cassiterite phase; (2) Sphalerite, chalcopyrite, stannite 
phase; (3) Tetrahedrite and andorite phase; (4) Ruby silver, 
matildite and jamesonite phase; (5) The phase of supergene sul- 
phides and the oxidation products. 

Socavon Esperanza.—In specimens from Socavon Eperanza, 
the following paragenesis was observed: (1) Massive cassiterite 
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with a colloform cast cut by the following minerals in broad 
veins; (2) pyrite; (3) chalcopyrite; (4) stannite; (5) sphalerite; 
(6) tetrahedrite; (7) milky quartz; (8) covellite. 

Alunite occurs massive and replacing quartz which has filled 
vugs in cassiterite. One of the thin sections shows the following 
succession: (1) Quartz; (2) pyrite; (3) quartz; (4) cassiterite; 
(5) quartz; (6) alunite. 

The specimens from this socavon contain a large amount of 
cassiterite and a small amount of stannite. Tetrahedrite is the 
only important silver mineral, although a few small blebs of ando- 
rite are present. Tetrahedrite has almost entirely replaced the 
stannite. The sections show an ore, remarkably fresh to be from 
such a high level. Only a very small amount of covellite is 
present. 

Socavon Desamparados——The specimens from this socavon 
seem to indicate that there are three distinct types of ore: (a) 
Stibnite ore: This ore contains only stibnite and jamesonite; 
(b) pyrite-cassiterite ore: Here again is a two component ore 
showing practically nothing but pyrite and cassiterite, with a very 
minor amount of quartz. The ore is massive and compact, and 
the tin content high; (c) tetrahedrite ore showing much secondary 
enrichment by chalcocite and covellite. This ore shows the fol- 
lowing paragenesis: (1) Pyrite, (2) quartz, (3) cassiterite, (4) 
chalcopyrite, (5) stannite, (6) tetrahedrite, (7) covellite. 

In the third class of ore, the metallic minerals occur in a very 
porous silicified country rock. The vugs are lined with tetrahe- 
drite crystals and later filled with sooty chalcocite and covellite. 
Cassiterite is a minor constituent in this type of ore and very little 
stannite remains. ‘Tetrahedrite is the only silver mineral present. 
Chalcopyrite is rather abundant and is of two distinct generations. 

Socavon Caracoles—tThe ore from the San Hilario vein in 
Socavon Caracoles shows much filling phenomena and rather 
definite banding. Tetrahedrite is especially common in the ore 
and was the last mineral to crystallize out in the druses, where 
it often occurs in rather large crystals. The paragenesis of the 
ore minerals in this socavon is as follows: 
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From Banding in Hand Worked out from Polished 
Specimens, Sections. 

1. Pyrite. 1. Pyrite. 

2. Quartz and cassiterite. 2. Arsenopyrite. 


. Chalcopyrite. 
. Quartz. 
Tetrahedrite. 


. Quartz and cassiterite. 
. Stannite. 

. Sphalerite. 

. Tetrahedrite. 

. Chalcopyrite. 

. Quartz. 

. Tetrahedrite. 


wm bh W 
Aw & W 


© ON 


Tetrahedrite is very abundant, having replaced stannite to 
a considerable extent. It is rich in silver and is the only impor- 
tant silver mineral in the ore. There is no ruby silver, andorite, 
or jamesonite, and only a small amount of covellite. Much of 
the two component pyrite-cassiterite ore occurs and little stannite 
is present. 

Socavon Santa Rita-——The ore from Tajopolo vein in this 
socavon is characterized by much massive and drusy pyrite and 
shows some oxidation in places. The druses are lined with 
pyrite and tetrahedrite crystals and the whole druse filled with 
matted jamesonite needles. The silver minerals, other than tetra- 
hedrite, are for the first time visible in the hand specimen and 
make up an important source of silver. Cassiterite is less abun- 
dant and stannite, less attacked by tetrahedrite than in the upper 
levels, begins to be an important constituent in the ore. Ando- 
rite is abundant and in two of the specimens is the most important 
ore mineral. Ruby silver occurs in broad veins as a late primary 
mineral as well as probably supergene. The ore is not banded 
and the polished sections in general show the following paragene- 
sis: (1) Pyrite; (2) arsenopyrite; (3) quartz; (4) cassiterite; 
(5) stannite; (6) sphalerite (this may continue over into the 
tetrahedrite period); (7) tetrahedrite; (8) chalcopyrite; (9) 
andorite and matildite; (10) ruby silver; (11) jamesonite; (12) 
covellite and supergene ruby silver. 

Socavon Pailaviri—The ore from the Tajopolo vein in the 
Socavon Pailaviri is heavy and compact, with much massive py- 
rite, stannite, and chalcopyrite. Some of the specimens show 
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marked banding, and often successive bands of pyrite and chal- 
copyrite. Late chalcedonic quartz often coats coarse comb quartz 
in the druses. Chalcopyrite, earlier than stannite, and more 
abundant than in the higher level of the same vein, is another 
characteristic of the ore. Late hypogene ruby silver is common. 
Arsenopyrite is more plentiful than in any of the higher soca- 
vons and stannite occurs abundantly with a little tetrahedrite de- 
veloped at its expense. No jamesonite occurs in the druses, and 
to judge from the specimens cassiterite is rather a minor constitu- 
ent when compared to the ores from the higher tunnels. Covel- 
lite is present in about the same amounts as in the other tunnels, 
excepting Desamparados. The polished sections and banding 
show the following paragenesis: 


From Banding in Hand Worked out from Polished 
Specimens. Sections. 

1. Pyrite and arsenopyrite. 1. Quartz. 

2. Stannite and tetrahedrite. 2. Pyrite. 

3. Coarse comb quartz. 3. Arsenopyrite. 

4. Colloform chalcedony. 4. Quartz. 
5. Cassiterite. 
6. Chalcopyrite. 
7. Stannite. 
8. Sphalerite. 
9. Ruby silver or tetrahedrite. 
10. Chalcopyrite. 
11. Quartz. 


12. Covellite. 


This ore is marked by the colloform quartz lining druses, by 
the comparatively small amounts of tetrahedrite and cassiterite, 
and by the large amount of fresh stannite. 


PART III. GENESIS.4 


The silver-tin veins of Potosi are undoubtedly related to the 
intrusion of rhyolite porphyry and were formed at some time 
subsequently to that intrusion, probably in connection with as- 
cending hot waters. This conclusion was already reached by 
Wendt (1890) and Stelzner (1897). In 1917 and 1919 Miller 


11 By W. Lindgren. 
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and Singewald expressed similar views and added that the deposi- 
tion took place under conditions of moderate temperature and 
pressure. 

The intrusion at Potosi represents a vent connected with deep 
magma sources and most probably it was one of the feeders 
from which the acidic lava flows of the plateau to the West were 
built up. The texture of the rock suggests a near surface in- 
trusion and considering the physiographic features it would seem 
that the summit of the mountain could not have been more than 
1,000 feet below the surface at the time of ore formation. If 
this is true the depth of ore deposition would have had a range 
of about 3,000 feet down to the present deepest workings. The 
multiplying of fissures in the upper part of the mountain, as de- 
scribed by Wendt, also suggests near surface conditions. 

Evidence of temperature is not so easy to establish. The fis- 
suring clearly took place after consolidation of the magma, in 
brittle rocks. Therefore, some time elapsed between intrusion 
and vein formation. The initial temperature of the magma was 
probably about 800° C. Fracturing and narrow sheeting would 
not be likely to occur above 600° C. The cooling to normal 
temperatures would have taken very long time. It seems fair 
to assume that the rock temperature at the time oi fissuring would 
have been from 100° to 500° C. The fissures permitted the 
access of some material moving upward and which filled the 
fissures chiefly with pyrite, quartz, and cassiterite. From the 
fissures some fluid penetrated the adjoining rocks, producing sili- 
cification, pyritization, and alunitization; evidently it contained 
water, sulphur, silica, and iron, with a little silver and tin; 
sodium, calcium, and magnesium were removed. While gases 
might add material they could not have carried away the alkalies 
and alkaline earths. Therefore, the fluids were liquids, produc- 
ing metasomatism in the rocks. We know of no liquid except 
aqueous solutions which will produce this effect. If they were 
liquids, hydrostatic conditions must have prevailed assuming as 
seems fair from the nature of these veins, that communication 
with the surface existed. The hydrostatic pressure at a depth 





THE ORES OF POTOSI, BOLIVIA. 259 


of 2,000 feet would be 200 atmospheres. Assuming that the as- 
cending material had a temperature of 200° C. the vapor pressure 
of water would be 15 atmospheres. Assuming a temperature 
of 300° C. the vapor pressure would be 85 atmospheres. The 
solutions would, therefore, be held as liquids and no explosive 
activity would occur. Assuming a temperaiure of 370° the 
vapor pressure would be 202 atmospheres and the hydrostatic 
pressure at a depth of 3,000 feet would be 300 2tmospheres. 

The liquid material ascending might be assumed to be a melt 
of pyrite, silica, cassiterite, and water. At what temperature it 
would remain a liquid is not known but the melting points of the 
first three substances are very high; the presence of mineralizers 
like water might depress the melting point several hundred de- 
grees but even at that the melt could hardly have had a tempera- 
ture of less than 1,000° C. The structure and texture of the 
veins, the continued succession and replacement processes ob- 
served finally the character of the quartz would speak in no un- 
certain tones against such an assumption. 

Let us suggest for a moment that the liquid material ascend- 
ing had the nature of a viscous and thick colloidal solution. If 
so, water must have been the principal constituent. In such a 
material we would expect phenomena of contraction, and various 
colloform structures which even subsequent crystallization would 
not obliterate. Moreover we must assume a long succession of 
viscous gels of gradually changing composition. The observed 
textures absolutely fail to support such a hypothesis. There 
remains the alternative of a mobile aqueous solution, possibly 
rather concentrated but with full freedom of the molecules to 
arrange themselves in crystals along suitable supports. This does 
not preclude that the solutions may have contained important 
colloidal elements. However, the texture of the veins does not 
indicate the full freedom of open fissures. Openings existed 
without doubt but in large part the fissures were fiiled with detrital 
material and the texture, therefore, is one of combined filling 
and replacement. 

Let us now approach the question of temperature from the 
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kind of minerals present. The only “high temperature mineral ” 
present is cassiterite, but this is not accompanied by the usual 
silicate minerals topaz and tourmaline (unless the minute needles 
observed in the altered wall rock are tourmaline, which seems 
doubtful). Actually we do not know the field of stability of 
cassiterite. All we know is that usually it is confined to the high 
temperature veins but there is nothing to prevent its being de- 
posited, say at 200° C. Magnetite and specularite are absent. 
The four earliest minerals deposited in repeated succession are 
pyrite, arsenopyrite, silica, and cassiterite. It seems natural to 
conclude that they were formed initially, at higher temperatures. 
Just what, we do not know, perhaps at or above 200° C. 

Then follows the long succession outlined above, which is 
closed by the deposition one after the other of the silver minerals: 
tetrahedrite, andorite, ruby silver and jamesonite; any later min- 
eral may replace any earlier product. All our observations are 
in accord with the view that they represent gradually lowering 
temperature, ending perhaps about 100° C. Finally, there is the 
alunite to consider. It is a relatively early mineral at Potosi. 
Alunite is abundant in places in thermal alteration of volcanic 
piles and in or near deposits of the epithermal type—deposits 
formed near the surface. It is not known from liquid magmatic, 
pegmatitic, hypothermal deposits and it is very scarce in meso- 
thermal deposits. It has been reproduced easily at temperatures 
of 65°, 100° and 200° C. (13). 

I think, therefore, it is fairly well established that the deposi- 
tion of pyrite and cassiterite at Potosi began at temperatures of 
about 200° or 300° C. and that the subsequent succession repre- 
sents a temperature scale gradually lowering to about 100° C. 
It should be emphasized that the discussion in these last para- 
graphs is in part based on imperfectly known data. 


SUMMARY, 


Potosi, a silver-tin mining district, situated in the south cen- 
tral part of Bolivia, was discovered in 1545 and has been worked 
almost continuously to date. It is credited with a production of 
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30,000 tons of silver, which is much more than yielded by any 
other silver district of the world. The steep veins, coursing 
N.-S. intersect a mass of “ quartz porphyry” about two miles 
long and intruded in Paleozoic slates and Pliocene shales. The 
pyramidal mountain represents a vent from which it is believed 
part of the acidic flows were derived which here form the main 
divide of the kastern Andes. It is concluded that it has been un- 
peeled by a late Tertiary or Quaternary erosion and peneplanation. 

The numerous and branching veins have been mined mainly 
by tunnels over a vertical range of over 2,000 feet. In the up- 
per thousand feet the ores were oxidized ; below this the ores con- 
sist of massive sulphides with some quartz. The width of the 
workable veins average about I meter. The veins are frozen to 
the walls; the country rock may be Paleozoic slate, Pliocene shale, 
or “quartz porphyry.” The porphyry is silicified, sericitized, 
pyritized, and to a degree alunitized. The ores were in part 
formed by filling of open spaces, but in large part by replacement 
of the detritus and soft rock filling the fissures. 

In order of deposition the minerals are pyrite, arsenopyrite, 
quartz, cassiterite, alunite, sphalerite, chalcopyrite, stannite, tetra- 
hedrite, andorite, stibnite, ruby silver, matildite, jamesonite, chal- 
cocite, and covellite. There is no marked vertical or horizontal 
zoning. 

Though the oxidized zone has been greatly enriched there is no 
definite zone of supergene sulphides; no argentite nor wood tin 
were observed in the specimens collected. In depth the veins are 
fewer and the ore shoots are less abundant. The quantity of silver 
seems to decrease while tin remains about constant. Stannite 
appears more abundant in the lower levels. Rich silver minerals 
like pyrargyrite and andorite occur in the deepest levels. The 
present production is small and divided between three companies. 

Regarding genesis it is concluded that after the cooling of the 
intrusive vent so that fissures could exist a complicated fracture 
system was formed and in these fissures ascended the vein-form- 
ing material. 

The nature of this material is discussed. It is shown that 
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the rock alteration was effected by aqueous solutions at a depth 
down to say 3,000 feet below the original surface. It is shown 
that explosive action was extremely unlikely, and, by elimination, 
that the vein-forming material was an aqueous solution, which 
began deposition of pyrite, quartz, and cassiterite at 200° C. or 
300° C. During the progress of the deposition the temperature 
was gradually reduced and the silver minerals were probably 
deposited from 150° to 100° C. 


Mass. INst. oF TECHNOLOGY, 
CAMBRIDGE, Mass. 
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Significance of compressibility and elasticity in problems of hydrology 289 


DEFINITION OF THE PROBLEM. 


THE pore space in an artesian aquifer is filled with water that is 
under hydrostatic pressure. Thus the artesian water exerts a 
force that acts against the weight of the overlying rocks. In ex- 


1 Published with the permission of the Director, United States Geological Sur- 
vey, and presented in part before the Geological Society of America, Dec. 31, 
1927. 

2 When this manuscript was received by the editor, W. L. Russell’s manuscript 
on “ The Origin of Artesian Pressure” was in press. When Mr. Russell’s paper 
appeared in No. 2, Mr. Meinzer’s manuscript was in press. They are, therefore, in- 
dependent papers published in the order of their receipt by the editor—EbirTor. 
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treme cases this hydrostatic force may be virtually as great as the 
weight of the rocks but generally it is much less. When wells 
are drilled to the aquifer and water is withdrawn the hydrostatic 
pressure is reduced (Fig. 1). 















































Fic. 1. Ideal section showing pressure relations in an artesian aquifer. 
The hydrostatic pressure of the artesian water is measured by means of a 
pressure gage in well No. 1 and by means of a column of water in well 
No. 2. The water exerts an upward pressure against the overlying con- 
fining bed equal to », which is measured by the weight of a column of 
water ac in height. The confining bed exerts a downward pressure P 
due to its weight. As the specific gravity of the shale that forms the con- 
fining bed is much greater than that of water, the downward pressure P 
is greater than the upward pressure p. Only the difference, P— 9, is 
borne by the sandstone that forms the aquifer. When the valve is opened 
in well No. 1, water escapes and the hydrostatic pressure is reduced. The 
upward pressure of the water is then decreased to the quantity »’, which 
is measured by the weight of a column of water bc in height. The pres- 
sure upon the sandstone is accordingly increased by the quantity p— }’, 
which is measured by a column of water ab in height. 


It has generally been assumed that the formations which consti- 
tute the aquifers are incompressible and inelastic and that, there- 
fore, changes in the hydrostatic pressure do not produce any 
changes in the pore space of the rock. There are, however, sev- 
eral lines of evidence that the artesian water, especially in strata 
of sand or soft sandstone, supports a part of the load of the over- 
lying rock and that the aquifers are compressed when the artesian 
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pressure is decreased and expanded when it is increased. The 
evidence indicates that there are only very moderate amounts of 
contraction and expansion as a result of the changes of pressure 
produced by the operation of wells. Nevertheless, the amounts 
are more than can be attributed to the elasticity or other volume 
change in the water itself and they are large enough to affect 
radically the conclusions in regard to the recharge, movement, 
and discharge of the water in the artesian aquifers. 


PREVIOUS INVESTIGATIONS. 


Various investigations have been made of the compressibility 
of rock materials such as sand, silt, clay, and marl,*° and of shrink- 
age produced by the drainage of such materials. These shrinkage 
investigations have been conducted largely in Germany in con- 
nection with problems of subsidence of the surface and they have 
been concerned chiefly with molecular forces in clays and marls. 

The specific subject of the compressibility and elasticity of 
artesian aquifers and their relation to artesian pressure has re- 
ceived but little attention, and, so far as the writer has informa- 
tion, no effort has hitherto been made to study the subject inten- 
sively by the application of critical data. In 1890, Hay”® 
suggested, in a paper which he read before the Kansas Academy 
of Science, that the flow of certain artesian wells in that State 
may be due to “rock pressure,” that is, to the pressure of the 
rocks overlying plastic artesian aquifers upon the water itself. 
In 1906, Gregory,® adopted the theory of rock pressure as a par- 

3 Sorby, H. C., “On the Application of Quantitative Methods to the Study of the 
Structure and History of Rocks, Geol. Soc. London Quart. Jour., vol. 64, p. 214, 
1908. Terzaghi, Charles, “ Principles of Soil Mechanics: Elastic Behavior of Sand 
and Clay,” Eng. News-Record, vol. 95, pp. 742, et seq., 1925. Hedberg, H. D., 
“The Effect of Gravitational Compaction on the Structure of Sedimentary Rocks,” 
Amer. Assoc. Petrol. Geol. Bull., vol. 10, pp. 1035-1072, 1926. 

4 Young, L. E., and Stoek, H. H., “ Subsidence Resulting from Mining,” Univ. 
Illinois Eng. Exper. Sta. Bull. 91, pp. 47-49, 1916. See also bibliography, pp. 
180-205. 

5 Hay, Robert, “‘ Artesian Wells in Kansas and Causes of their Flow,” Amer. 
Geologist, vol. 5, pp. 296-301, 1890. 

6 Gregory, J. W., “‘ The Dead Heart of Australia,” pp. 288-289. John Murray, 
London, 1906. The various theories relating to artesian water that were advanced 
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tial explanation of the flowing wells in central Australia, and 
emphasized the bearing of the theory upon the question of the 
depletion of the artesian water supply. The principle of compres- 
sibility and elasticity of artesian aquifers was inferred by Veatch’ 
in 1906, in his discussion of the effects on the head of the artesian 
water produced by ocean tides, the rise of rivers and lakes, the 
passing of trains, and the erection and burning of buildings. The 
principle of compressibility was more definitely stated by Fuller,* 
in 1908, as follows: “ Pressure may be exerted [on the artesian 
water] by virtue of the weight of the overlying materials alone. 
This is probably not a common factor, but extensive sinkings of 
the ground have followed the pumping of water from mines and 
the withdrawal of the support afforded by hydrostatic pressure, 
indicating that the rock pressure on the water must have been 
considerable, at least locally.” Apparently the practical impor- 
tance of the subject has not been appreciated except by Gregory. 


EVIDENCE OF COMPRESSIBILITY. 


Evidence from Laboratory Tests.—It is generally recognized 
that deposits of fine-grained material are greatly compressed as 
they become covered by younger formations through the natural 
processes of sedimentation. It has been shown by E. W. Shaw 
that much of the newly deposited material of the Mississippi 
Delta has a porosity of 80 to go per cent.® By the time this ma- 
terial has become buried beneath a thousand feet of sediments its 
porosity will probably be more nearly 35 per cent. Sorby con- 
cluded from his investigations that fine-grained material which 
originally contained as much as go per cent. of water may have 
been made almost solid by the squeezing out of the water, so that 
in this book led to considerable discussion between the author and E. F. Pittman, 
who held very different views. 

7 Veatch, A. C., “ Fluctuations of the Water Level in Wells, with Special Ref- 
erence to Long Island, N. Y.,” U. S. Geol. Survey Water-Supply Paper 155, pp. 

62, 63, 65-69, 74-75, 1906. 

8 Fuller, M. L., ‘“‘ Summary of the Controlling Factors of Artesian Flows,” U. S | 
Geol. Survey Bull. 319, p. 33, 1908. 

® Meinzer, O. E., “ The Occurrence of Ground Water in the United States, with 
a Discussion of Principles,” U. S. Geol. Survey Water-Supply Paper 489, p. 8, 1923. 
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in extreme cases shales and slates may occupy only one tenth of 
the volume which they possessed immediately after they had been 
deposited. 

Tests made by different investigators have shown that in gen- 
eral sand is much less compressible than clay. This difference is 
due in part to the greater size of the grains but largely to their 
better rounding. The compressibility is least in materials con- 
sisting of uniformly well-rounded grains and greatest in materials 
of irregular, angular, and elongated particles. It has been shown 
by Terzaghi*® that sand with admixture of mica has compres- 
sibility comparable to that of clay, and he has, moreover, pro- 
duced evidence from various sources to show that many clays do 
contain a considerable percentage of mica or other scalelike par- 
ticles. In general, the grains of very fine materials are not so well 
rounded as those of coarser materials, for the reason that the 
chief natural agencies that produce rounding are not effective on 
very small particles. This principle has been recognized by 
Daubreé and others, and was verified by Goldman ** in his studies 
of the Catahoula sandstone. Evidence along the same line is 
furnished by several samples of very fine sand recently obtained 
from a stratum of the Dakota sandstone in which the grains are 
largely angular.” 

The compressibility of sand has been demonstrated by labora- 
tory tests. An experiment was described by King * in which an 
upright cylinder was filled with saturated sand. In this experi- 
ment some of the water was squeezed out of the interstices by the 
pressure produced by the settling of the sand and was forced 
through a pipe at the bottom of the cylinder and through an at- 


10 Terzaghi, Charles, “ Principles of Final Soil Classification,’ Massachusetts 
Inst. ‘Technology Publications, vol. 63, pp. 41-43, 1927. Also published in Public 
Roads, vol. 8, No. 3, May, 1927. 

11 Goldman, M. I., “‘ Petrographic Evidence on the Origin of the Catahoula Sand- 
stone of Texas,” Amer. Jour. Sci., vol. 29, pp. 271, 272, 1915. See also references 
given in this paper to Daubreé, Ziegler, Worth, Mackie, Udden, and Frith. 

12 Meinzer, O. E., “‘ Problems of the Soft-water Supply in the Dakota Sand- 
stone, with Special Reference to Conditions in Canton, S. Dak., U. S. Geol. Survey 
Water-Supply Paper. (In preparation.) 

13 King, F. H., “ Principles and Conditions of the Movements of Ground Water,” 
U:. S. Geol. Survey, roth Ann. Rept.; Pt. II., pp. 78-80, 1899. 
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tached hose to a level 6 inches above the water level in the cylinder 
from which it came. The results of a test recently made by 
Terzaghi ** are shown in Figure 2. In this test, pressure was ap- 
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Fic. 2. Diagram showing compressibility and elasticity of compacted 

sand, according to experiments by Terzaghi (Redrawn from diagram in 

Engineering News-Record, vol. 95, p. 987, 1925). The portion of the 

curve between a and b represents approximately the change in pressure 

upon the Dakota sandstone which resulted from the decline in artesian 
pressure. 


plied to a sample of compacted sand up to about 1,250 pounds per 
square inch, and the porosity of the sand was decreased by this 
pressure from about 40 to 34 per cent. 

Evidence from Subsidence of Surface—Subsidence amounting 
to a maximum of more than 3 feet has recently been described by 
Pratt and Johnson,** in the Goose Creek oil field, on the Gulf 
Coast in Texas, and has been attributed by them to the extensive 
extraction of oil, water, gas, and sand from beneath the affected 

14 Terzaghi, Charles, Eng. News-Record, vol. 95, pp. 987-990, 1925. 


15 Pratt, W. E., and Johnson, D. W., “ Local Subsidence of the Goose Creek Oil 
Field,” Jour. Geol., vol. 34, pp. 577-590, 1926. 
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area. Ina critical paper on the same subject, Snider ** accepts 
the explanation that the subsidence was caused by the removal of 
oil, gas, water, and sand, but shows that the removal of sand was 
only a very small factor in producing the subsidence and also that 
drainage of water from the clay strata interbedded with the pro- 
ducing sands can not have been effective in causing shrinkage 
and subsidence. 

Evidence from Excess of Discharge over Recharge—This 
subject was first forcibly brought to the attention of the writer 
in connection with a quantitative study that was made, in colab- 
oration with Herbert A. Hard and Howard E. Simpson, of the 
artesian water in the upper horizon of the Dakota sandstone in 
North Dakota.** It was estimated in 1923 that in the east-west 
row of townships under special investigation (T. 129 N.) the 
rate of discharge from all the artesian weils averaged close to 
3,000 gallons a minute in the 38 years since the first well was 
drilled in 1886. The rate of discharge was estimated to be nearly 
10,000 gallons a minute during the peak period at some time be- 
tween 1905 and 1910, about 5,000 gallons in 1915, and about 
2,000 gallons in 1920. A detailed survey made under the direc- 
tion of Professor Simpson showed that it was almost exactly 
1,000 gallons in 1923. 

No accurate estimate could be made of the rate of recharge, 
that is, of the rate of eastward percolation from the intake area 
into the area of artesian flow in the 6-mile segment of sandstone 
underlying this row of townships. It was assumed that no ap- 
preciable contribution was received from the townships to the 
north and south, in which there was comparable artesian-well 
development. According to a rough computation based on in- 
adequate data it appeared that the recharge was much less than 
the average discharge of nearly 3,000 gallons a minute. 


16 Snider, L. C., ‘A Suggested Explanation for the Surface Subsidence in the 
Goose Creek Oil and Gas Field, Texas,” Amer. Assoc. Petrol. Geol. Bull., 11, pp. 
729-745, 1927. 

17 Meinzer, O. E., and Hard, H. A., “ The Artesian-Water Supply of the Dakota 
Sandstone in North Dakota, with Special Reference to the Edgely Quadrangle,” 
U. S. Geol. Survey Water-Supply Paper 520-E, pp. 90-93, 1925. 

















270 OSCAR EDWARD MEINZER. 


The problem of recharge was then approached by another line 
of reasoning, as follows: During the period from 1915 to 1923, 
with progressive decrease in the rate of discharge, there was pro- 
gressive decline in pressure head, indicating that depletion was 
going on. In 1923, with a discharge of only 1,000 gallons a 
minute, the head was apparently still declining, which would 
seem to indicate that the recharge was less than 1,000 gallons a 
minute. It can not be argued that the rate of recharge decreased 
on account of decrease in the hydraulic gradient, because the 
evidence seems to show that at the entrance to the area of artesian 
flow the hydraulic gradient actually increased from 1915 to 1923. 
For example, the pressure head dropped farther during this 
period at Ellendale, N. Dak., than at the margin of the area of 
artesian flow 10 to 13 miles farther west. 

If the rate of discharge in the area of artesian flow has been 
more rapid than the rate at which water percolated into the sand- 
stone underlying this area, some of the water discharged must 
have been derived from storage in the sandstone underlying the 
area. This withdrawal from storage requires a reduction in the 
interstitial space occupied by water. As will be shown later, the 
vacated space can not be accounted for by the slight expansion 
of the water itself nor by any changes in volume that might have 
resulted from chemical precipitation with the release of pressure. 
Either the water was replaced in some of the interstices by gas, 
pr else the sandstone was to some extent buoyed up by the ar- 
tesian pressure within the sandstone, and when this was relieved 
the sandstone underwent a certain amount of compression in 
which its total interstitial space was reduced by a volume approxi- 
mately equal to the volume of the stored water that was dis- 
charged. The theory of gas accumulation is believed to be un- 
tenable. In his unpublished report Hard states that the gas 
discharged by some of the wells seems to occur as un unsaturated 
solution in the artesian waters of the Dakota sandstone and ap- 
parently is released from solution by the reduction of pressure 
incident to the rise of the water to the surface. There is no 
indication that gas occurs in the sandstone in the gaseous state 
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at the present time. The conclusion, therefore, seems to be in- 
evitable that most of the artesian water that has been discharged 
from the Dakota sandstone through the flowing wells in this row 
of townships was taken out of storage in the sandstone underly- 
ing the area of artesian flow and that there was a corresponding 
shrinkage in the total volume of interstitial space. As this is a 
typical row of townships the same conclusion will probably hold 
for the rest of North and South Dakota. 

Evidence from lag in the decline in head and local character of 
changes in hydraulic gradient—lf a perfectly tight and inelastic 
tank were filled with water under great pressure and were then 
tapped, only a minute quantity of water, equal to the expansion 
of the water itself, would have to be discharged in order to re- 
lieve all the pressure. On the other hand, if the tank were made 
of elastic material, such as rybber, the discharge would continue, 
at a constantly diminishing rate, until the strain of the walls of 
the tank would be almost completely relieved. For this reason 
pressure tanks used in waterworks are always kept partly filled 
with air, which furnishes the necessary elasticity. 

If the Dakota sandstone were perfectly incompressible any con- 
siderable withdrawal of water ought to have resulted in a rapid 
drop in head and a prompt readjustment of the hydraulic gradi- 
ent all the way from the area of artesian flow to the outcrop from 
which the water is derived, hundreds of miles away. This read- 
justment ought to have occurred with only slight movement of 
the artesian water. After the readjustment had been made con- 
ditions ought to have remained nearly constant, or if the water 
level at the outcrop had declined there ought to have been a 
gradual flattening of the hydraulic gradient. 

The changes that actually took place seem to have been of very 
different character. The head did not drop suddenly, but has 
been declining gradually for about 40 years. The survey made 
in 1923 showed that there has been much less decline in the water 
levels in the wells near the western margin of the area of artesian 
flow than a few miles farther east, suggesting that in all these 
years there has not been much readjustment of the hydraulic 
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gradient beyond the area in which artesian water was withdrawn 
(Fig. 3). Moreover, near the west margin of the area of ar- 
tesian flow, for which data are available, the hydraulic gradient 
has not flattened out but instead has become steeper. 














1450" 





Fic. 3. General east-west section of the area of artesian flow from the 
Dakota sandstone in the Edgeley quadrangle, N. Dak., showing approxi- 
mately the original hydraulic gradient, and the gradient in 1915 and 1923. 
(After Meinzer and Hard, U. S. Geol. Survey Water-Supply Paper 520, 
Fig. 8.) 


In order to reach conclusive results more data are needed as 
to the head in the large region between the area of flow and the 
outcrop, but the data at hand certainly point to the conclusion that 
the Dakota sandstone has not behaved like an incompressible 
reservoir; that the water discharged by the flowing wells has 
largely been derived locally from storage and not by transfer of 
water all the way from the outcrop. 

Evidence from Tides in Wells Produced by Ocean Tides.—In 
numerous places along the sea coast, fluctuations in ‘water level 
in wells have been observed that are definitely related to the tides 
in the ocean.** In many of these there is no connection between 


18 Veatch, A. C., op. cit., pp. 63-69. 
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the sea water and the water in the formation that is tapped by 
the well or else the connection is too indirect to produce the ob- 
served fluctuations. As early as 1817 Inglis *® explained the tidal 
fluctuation of the head in an artesian well at Bridlington, England, 
as due to the alternate loading and unloading of ocean water 
upon the flexible clay bed that overlies the artesian water. This 
same explanation was given by Veatch for many wells with tidal 
fluctuations that came under his observation. 

An excellent example of such a tidal effect is afforded by a non- 
flowing well, about 800 feet deep, at Longport, N. J., about 5 
miles southwest of Atlantic City, which has been given detailed 
study by Thompson.*” The well is tightly cased and passes 
through a few hundred feet of impermeable clay into a coarse 
water-bearing sand that is about 80 feet thick. A continuous 
record for many months, obtained by means of an automatic 
water-stage recorder over this well, shows that even slight varia- 
tions and irregularities in the ocean tide are faithfully recorded, 
with but little lag, in the fluctuations of the water level in the 
well (Fig. 4). 

It shows that the semi-daily range between high and low water 
in the well varies from about I to 3 feet at different times of the 
month and is a little more than 50 per cent. of the range in the 
ocean tide. 

The facts presented by Thompson show that the increase in 
artesian pressure in the 800-foot sand when the tide rises is not 
due to direct communication of the sea water with the artesian 
water through crevices or interstices in the intervening strata, 
or as a result of submarine outcrop of this formation. For many 
years large supplies of water have been pumped from the 800- 
foot wells in this vicinity, and in 1925 the pumpage averaged about 
8 million gallons a day. Ina period of 31 years the head dropped 
from 20 to 25 feet above sea level to as much as 65 feet below 

19 Inglis, Gavin, “On the Cause of Ebbing and Flowing Springs [at Bridlington, 
Yorkshire],” Phil. Mag., vol. 50, pp. 81-83, 1817. 

20 Thompson, D. G., “ Ground-Water Problems on the Barrier Beaches of New 


Jersey,” Geol. Soc. America Bull., vol. 37, p. 466, and Fig. 4, 1926. Also un- 
published data. 











274 OSCAR EDWARD MEINZER. 


sea level. At Atlantic City and Longport the 800-foot sand is 
the only formation to the depth of 2,300 feet to which drilling 
has been carried that yields a large supply of fresh water. The 
strata that lie nearer the surface contain only brackish or salty 
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Fic. 4. Diagram showing fluctuation of water level in the 800-foot 
well near the seashore at Longport, N. J., in relation to the tide in the 
ocean. These records were made Jan. 22, 1926, when the rising tide was 
interrupted by a strong northwest wind. (After diagram prepared by 
Paul Schureman, Geogr. Review, p. 481, 1926.) 


water, which is effectively shut out from the 800-foot sand by a 
layer of diatomaceous clay 300 feet thick, as is shown by the 
fact that the water from the 800-foot wells contains only 6 to 
II parts per million of chloride. Several of these wells have 
yielded salty water, but it has been proved in each instance that 
the salty water came through a defective casing from the overly- 
ing formations, for when the casings were repaired the wells 
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again furnished fresh water of normal low chloride content. If 
there were free communication between the sea water and the 
water in the 800-foot sand through openings in the intervening 
strata, a noticeable amount of salty water would have been drawn 
into the 800-foot sand by the protracted and heavy pumping and 
the consequent great drawdown of the head in the 800-foot sand. 
Moreover, the salty water in the overlying strata has not suf- 
fered much drawdown and now has a much higher head than the 
water in the 800-foot sand. It is difficult to conceive of any con- 
dition that would permit free enough communication of water 
through the intervening beds to produce the tidal fluctuations in 
the wells and still maintain this difference in head. The rapid 
dying out of the tidal fluctuation in the landward direction from 
the coast, even where the water level in wells is still below sea 
level, indicates that the fluctuation is not transmitted through the 
water from some submarine outcrop but is due to local vielding 
of the overlying clay beds. 

There can be no reasonable doubt that a large part of the pres- 
sure on the sea bottom produced by the loading of the sea water 
at high tide is transmitted through the intervening strata upon 
the water in the 800-foot sand. The tidal fluctuations in the 
water level in the well record the pressure that is thus transmitted. 
They indicate that only a part of the pressure produced by the 
high tide is borne by the sand and overlying strata and that the 
rest is borne by the water itself. 

The water that is squeezed out of the sand between low and 
high tide to cause the rise in the water level in the Longport and 
other wells is negligible in quantity. The increased pressure 
on the water shows that the sand is incompetent to support even 
a slight additional load without compression but it gives no meas- 
ure of the compressibility. However, to lower the water level 
in the well at high tide to its position at low tide would probably 
require the removal of a large volume of water, and this volume 
would give some sort of measure of the compression that would 
result if the sand itself had to support the entire load produced 
by the rise in sea level. The well at Bridlington was described 
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as overflowing vigorously for 5 hours during each period of high 
tide, thus indicating considerable compression of the water-bear- 
ing material. 

Evidence from Fluctuations in Artesian Pressure Produced 
by Railroad Trains—Many years ago King* discovered that in 
one of his observation wells situated near a railroad the water 
level rose whenever a train went by but fell again as soon as the 
train had passed. He found that a heavy freight train produced 
a greater rise than a lighter and swifter passenger train and that 
a locomotive alone did not produce any noticeable effect. This 
subject is now under investigation by the Geological Survey on 
wells near railroads in California, Utah, New Mexico, and New 
Jersey. It is hoped that a quantitative method based on such 
fluctuations can be developed that will be of use in investigating 
artesian-water problems and perhaps also in solving other engi- 
neering and geophysical problems. In California, H. T. Stearns 
and T. W. Robinson obtained fluctuations caused by trains in 


FT 












































| 8 
| 
PA - 6 
Train passed /OAM. 
- Rise .Q3 Ft. 
~ 4 
y YW 
—" 3 ae 
E N 
5S 3 
~ y) 
fr Sat. Sun Mon. Tues Wed Thur. Fai, 
4 5 6 ) 10 u 


MARCH 

Fic. 5. Automatic record of water level in the Preszler well (200 ft. 
deep), near Lodi, Calif., March 4 to 11, 1927, showing daily fluctuations 
due to pumping and abrupt fluctuations due to the passing of trains over 
a railroad 117 feet from the well. There are two daily trains (except 
Sundays) ; one arrives at Lodi at 10 A.M., the other leaves Lodi at 12:25 
P.M. Record furnished by H. T. Stearns and T. W. Robinson. 


21 King, F. H., “ Observations and Experiments on the Fluctuations in the Level 
and Rate of Movement of Ground Water on the Wisconsin Agricultural Experi- 
ment Station Farm, and at Whitewater, Wisconsin,’ U. S. Weather Bur. Bull. 5, 
pp. 67-69, 1892. 
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three wells that are artesian in character (Fig. 5), but obtained 
no fluctuations in a well sunk just to the water table. 

In Utah, W. N. White did not get even a trace of a rise ina 
well which he sank just to the water table at a point very near the 
railroad. In New Mexico, A. G. Fiedler failed to get any rise 
in a deep artesian well situated near a railroad. Further study 
will be required before these data can be adequately interpreted. 
However, they seem to indicate that the rise in the water levels 
is an artesian phenomenon, and that, beyond a certain limit, 
neither the artesian aquifers nor the overlying strata are com- 
petent to support the weight of the trains but allow the weight 
to be borne in part by the artesian water itself. If the support 
given by the water were removed compression of the aquifer 
would obviously occur. 


EVIDENCES OF ELASTICITY. 


In testing the pressure in flowing wells in the Dakota artesian 
basin, Hard ** found that after a well was closed the pressure, 
recorded on the gage, would run up quickly at first and would then 
continue to increase for some time at a constantly diminishing rate. 
These observations confirmed the reports of earlier investiga- 
tors. Nettleton,** in his investigations in 1890 and 1891, found 
that the wells differed greatly in regard to the time required for 
them to recover their full head. In some the recovery was very 
prompt but in others it was notably slow. In regard to the well 
at Frederick, S. Dak., Nettleton stated that “the pressure in- 
creases for several hours or even days after the flow is shut off, 
and when opened the flow decreases in the same way until the 
normal flow is reached, which corresponds somewhat to the time 
required to gain its maximum pressure.” In regard to several 
other wells with slow recovery he made the following comments: 

Plankington, S. Dak.: “ When the flow is shut off the pressure quickly 
runs up to 50 pounds and in three hours it reaches its maximum, 91 pounds 


22 Meinzer, O. E., and Hard, H. A., op. cit., p. 91. 
23 Nettleton, E. S., “ Artesian and Underflow Investigation.” 52d Cong., 1st sess., 
S. Ex. Doc. 41, pt. 2, pp. 40-74, 1892. 
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per square inch.” Wolsey, S. Dak.: “If the well has been discharging 
freely for some time it takes about 18 hours for it to reach its maximum 
pressure after the water is shut off.” Woonsocket, S. Dak.: “ The pres- 
sure is 125 pounds per square inch when the flow is shut off. . . . The 
well was allowed to flow freely for 48 hours and was then closed, when 
it showed a pressure of 85 pounds... . 4 A hours afterwards the 
closed pressure was 93 pounds.” Ellendale, N. Dak.: “ When the flow 
is shut off the pressure rises quickly to 80 ae and in a few hours it 
reaches its maximum, which is 115 pounds.” 


The explanation of the slow recovery seems to be that the 
water-bearing bed has a certain amount of volume elasticity, that 
it becomes compressed when the artesian pressure is relieved, and 
that before the pressure in the well can again reach ‘the pressure 
that is general in the formation sufficient time has to elapse to 
allow the water to percolate into the depleted and compressed 
part of the formation surrounding the well and to expand the 
interstitial space. So long as the pressure in the shut-down well 
has not reached the maximum there is obviously a hydraulic gradi- 
ent from all directions toward the well—a cone of depression 
in the piezometric surface (Fig. 6). But wherever there is a 
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Fic. 6. Ideal section showing gradual recovery of head when an ar- 
tesian well is closed. The lines ab and cb show the head of the water in 
the aquifer at all points along the section while the well is flowing. They 
show that there is a hydraulic gradient from all directions toward the 
well, as a result of which water percolates toward the well. The lines 
ab’ and cb’ show the head some time after the well has been closed. They 
show that water is still percolating toward the well from all directions 
although it has no outlet. The lines ab” and cb’”’ show the head at a still 
later time when complete recovery has occurred and there is no longer 
concentric percolation toward the well. 
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hydraulic gradient in the water in a permeable rock there is 
movement of the water in the direction of the gradient. Through- 
out the period of recovery water is therefore percolating toward 
the well. But if the well is tightly cased this water has no means 
of escape. It must be stored in the interstices of the formation 
in the vicinity of the well. If there are no unfilled interstices 
at the beginning of the period of recovery, as the conditions seem 
to require, the inflowing water must, it seems, be stored in space 
made available by the expansion of the sandstone. If the sand- 
stone were perfectly inelastic the recovery would be nearly in- 
stantaneous and would occur without the transfer of any appre- 
ciable quantity of water toward the well. 

The phenomenon of gradual recovery of head has been ob- 
served not only in the wells ending in the Dakota sandstone but 
to some degree in those of practically every artesian aquifer in 
regard to which information is available. In Fig. 7 is shown the 
gradual recovery of the artesian head in the Roswell Artesian 
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Fic. 7. Automatic record on an observation well, showing fluctuations 
in head in the Roswell Artesian Basin, N. Mex., produced by variations 
in the rate of pumping. (After A. G. Fiedler, New Mexico State Engi- 
neer, 7th Biennial Rept., Pl. 5, p. 38.) As the pumps that are not op- 
erated throughout the night are usually shut down in the evening, the 
persistent rise in pressure until morning seems to indicate replenishment 
of storage throughout the night. (The depths below bench mark shown 
in this diagram range from 20.5 to 26.0 ft., the omission of decimal points 
being an error.) 
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Basin at night after certain of the wells have been shut down and 
a still further recovery on Sundays, when many of the wells are 
not operated. This seems to prove that there is considerable 
volume elasticity even in the aquifer of this basin, which con- 
sists largely of cavernous limestone.** The wells that are not 
operated throughout the night are generally shut down in the 
evening. Hence, if there were no elasticity the head should run 
up about to a maximum long before midnight. The deep well 
at the Atlantic City waterworks was pumped at approximately 
uniform rate from the middle of May, 1925, until March 22, 
1926, when it was shut down. From March 22 the water level 
in this well continued to rise for several weeks although there 
was no decline in pumpage in other parts of the Atlantic City 
area.”® 

In areas in which there is a seasonal fluctuation in the use of 
ground water there is likewise a seasonal fluctuation in head. 
Elasticity is not indicated by the fluctuation itself but by the lag 
of the fluctuation in head after the fluctuation in draft. Such 
lag has, for example, been observed by Thompson ** in the At- 
lantic City area. 

In Terzaghi’s laboratory experiments he invariably found that 
the sand expanded when the pressure was decreased, and he gives 
approximate values for the expansion coefficient. The expansion 
was, however, generally much less than the compression that re- 
sulted from the preceding application of the pressure (Fig. 2). 


QUANTITATIVE ESTIMATES OF COMPRESSION AND EXPANSION, 


The foregoing calculations in regard to the Dakota sandstone 
afford a basis for computing the approximate amount of compres- 
sion that has taken place. If in the 38 years prior to the time of 
the investigation the average rate of discharge from the east-west 
row of townships under consideration was 3,000 gallons a minute 

24 Fiedler, A. G., Report on investigations of the Roswell Artesian Basin, Chaves 
and Eddy counties, N. Mex., during the year ending June 30, 1926: New Mexico 
State Engineer, 7th Biennial Rept., pp. 34-43, 1926. 

25 Thompson, D. G., unpublished data. 
26 Thompson, D. G., op. cit., p. 468. 
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and the average rate of recharge only 500 gallons a minute, the 
average withdrawal from storage amounted to 2,500 gallons a 
minute. If the area of depletion consists of the 18 townships 
described as T. 129 N., Rs. 48-65 W., a withdrawal from storage 
of 2,500 gallons a minute for 38 years would amount to a layer 
of water 4.4 inches deep. If the average thickness of the sand- 
stone is estimated to be 60 feet, a compression of 4.4 inches 
amounts to about .6 of I per cent. 

The first well at Ellendale, according to the log, reached the 
Dakota sandstone at a depth of 1,035 feet. The strata above 
the Dakota are chiefly soft shale, which, with the water they con- 
tain, must have a specific gravity of about 2. Hence these strata, 
owing to their weight, exert a pressure equal to that of a column 
of water about 2,070 feet high, or 898 pounds to the square inch. 
According to one report, the original pressure at the surface in 
this well was 145 pounds to the square inch and according to an- 
other it was 175 pounds. If it was 145 pounds the artesian pres- 
sure at the top of the Dakota sandstone was 145 pounds plus the 
weight of a column of water 1,035 feet high, or 594 pounds to 
the square inch. Then, 594 pounds of the pressure exerted by 
the strata that overlie the Dakota sandstone was supported by 
the water in the sandstone, and only 304 pounds by the sandstone 
itself. If the original artesian pressure at the surface was 175 
pounds, the artesian pressure at the top of the sandstone was 
624 pounds, and only 274 pounds of the overlying strata was sup- 
ported by the sandstone. If at any point within the area of ar- 
tesian flow the head at the surface was as great as the depth to 
the Dakota sandstone the artesian pressure must have been great 
enough virtually to float the overlying beds. 

In 1923 the water level in the Ellendale well stood almost 
exactly at the surface. Hence, the head had declined either 
I45 or 175 pounds to the square inch, according to the report 
of original pressure that is accepted. If the original pres- 
sure was 145 pounds the load placed on the sandstone as a 
result of the decline in head increased from 304 to 449 pounds, 
or 471% per cent.; if the original pressure was 175 pounds the 
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load increased from 274 to 449 pounds, or 64 per cent. For the 
entire area under consideration the average decline in artesian 
pressure was probably somewhat less than that at Ellendale, but 
it is approximately correct to say that according to the computa- 
tions the compression amounted to .2 of 1 per cent. for each de- 
crease of 100 feet in artesian head. 

In the experiments by Terzaghi it was found that, within a 
moderate range in pressure, the compression proceeded in gen- 
eral about in proportion to the increase in pressure. At least one 
of Terzaghi’s experiments was carried through the range of 
pressures that are involved in the calculations on the Dakota 
sandstone. In this experiment, as shown by the diagram in Fig. 
2, the pressure was increased from zero to about 425 pounds to 
the square inch, then decreased nearly to zero, and then increased 
far beyond 425 pounds. During the increase from 304 to 425 
pounds (approximately the increase on the sandstone at Ellen- 
dale) the sand was compressed so as to decrease the porosity from 
about 38.2 to 37.6 per cent.—a decrease in the volume of the 
sand of about .6 of 1 per cent. The close agreement of these 
laboratory results with the results previously obtained from the 
computations on the Dakota sandstone is of course accidental, 
but it shows that the theory of compressibility presented in this 
paper is quantitatively reasonable. When the pressure was de- 
creased from 425 pounds the sand expanded, but during the de- 
crease from 425 to 304 pounds the expansion amounted to only 
about .1 of I per cent. 

In order to get some idea as to the amount of expansion that 
is involved in the gradual recovery of head when a flowing well 
is closed or when pumping on a non-flowing artesian well is 
stopped, a few rough calculations were made on wells for which 
considerable exact information was available. One of these cal- 
culations was made on the basis of data furnished by Thompson * 
in regard to wells at Avon-by-the-Sea, N. J., which end in a 
stratum of sand, that lies 420 feet below the surface and is 80 
feet thick. On November 12, 1924, Well No. 2, of the city 


27 Thompson, D. G., “‘Ground Water Supplies in the Vicinity of Asbury Park, 
N. J.” (unpublished). 
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waterworks, was pumped continuously for 10 hours. The dis- 
charge was about 320 gallons a minute at the end of the first hour, 
310 at the end of the fifth hour, and 300 at the end of the eighth 
hour. The discharge apparently continued to decrease during the 
entire test, but in the last few hours the rate of decrease became 
very slight. The drawdown amounted to about 100 feet. Well 
No. 1, situated 200 feet from No. 2, was not pumped, but nu- 
merous measurements of the water level in it were made during 
the test, during a period of one day after the pumping had ceased 
and again a week later. This well showed a drawdown of some- 
what more than 30 feet just before pumping was stopped in well 
No. 2, a recovery of about 25 feet in 5 hours and about 30 feet 
in 24 hours (Fig. 8). Ina test on April 2, 1925, in which both 
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Fic. 8. Diagram showing drawdown and recovery of head in well 
No. 1 at Avon-by-the-Sea, N. J., as a result of pumping from well No. 
2, 200 feet distant, on Nov. 12, 1924, according to data furnished by D. 
G. Thompson. 
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wells were pumped simultaneously for 3% hours, a lowering of 
the water level of 1.25 feet was observed in the so-called Riggs 
well, half a mile distant, and a lowering of .42 foot in the Casino 
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well, 800 feet farther away. A part of the lowering may have 
been due to tidal effect but in part it was almost certainly draw- 
down due to the pumping in wells Nos. 1 and 2. 

The calculations were based on the simple but somewhat inac- 
curate assumptions that the area of influence covered one square 
mile and that the rate of percolation into this area after pumping 
ceased on November 12, 1924, was in proportion to the drawdown 
in Well No. 1. It was estimated from Figure 8, that the average 
drawdown in Well No. 1 during the 2-day period after pumping 
ceased was 4 feet, or one eighth of the drawdown when Well No. 
2 was delivering 300 gallons a minute. Therefore, the average 
rate of percolation into the area of influence during the period 
should have been one eighth of 300 gallons a minute, or 37% 
gallons a minute. This gives a total inflow of 108,000 gallons, 
or an average of 169 gallons an acre, and an average expansion 
of .006 inch or .0006 of I per cent. in the 80-foot stratum of sand. 
It was estimated, further, that the average drawdown for the 
entire area of influence just before pumping ceased was 1 foot. 
Hence, if the expansion were proportional to the recovery in head 
it would amount to about .o6 of 1 per cent. for an increase of 
100 feet in head, or about one third of the compression computed 
for a decrease of 100 feet in head in the Dakota sandstone. 

Computations on other wells give somewhat comparable re- 
sults. Though the results of these computations are doubtless 
all greatly in error, they appear to be significant in having the 
same order of magnitude and one that is entirely reasonable. 


IMPORTANCE OF CORRELATIVE FACTORS. 


Other changes that might be produced by the variations in 
pressure and might possibly account for the phenomena that have 
been discussed are as follows: (1) expansion and contraction of 
the water itself; (2) precipitation of solids out of solution in the 
water ; (3) escape of gases out of solution; (4) removal of sand, 
silt, and clay through the wells with the water; (5) leakage 
through well casings or up through the holes on the outside of the 
casings, and (6) leakage through the confining beds. In the 
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following paragraphs all of these possible causes are briefly but 
critically considered, and the conclusion is reached that they are 
not adequate to account fully for the phenomena that have been 
attributed to the compressibility and elasticity of the artesian 
aquifers. 

Elasticity of the Water—The compressibility of water under 
moderate pressures, such as are involved in artesian aquifers, 
amounts to about .o15 of I per cent. for each 100 feet of head.** 
The volume of water that could be stored in a sandstone having 
a porosity of 35 per cent. through compression of the water by 
increasing the artesian head 100 feet would therefore be equal to 
about .oo5 of I per cent. of the volume of the sandstone. As 
water has virtually perfect volume elasticity, this would also be 
the increase in volume of water that would result from a lowering 
of head of 100 feet. For the Dakota sandstone in the row of 
townships under consideration the increase in volume due to the 
drop of approximately 300 feet in artesian head must have 
amounted to about .o15 of I per cent. of the volume of the sand- 
stone, or about .1 inch. This appears to be of a different order 
of magnitude from the depth of 4.4 inches of artesian water that 
were taken from storage according to the previous calculations. 

Solids precipitated out of solution—Some solids dissolved in 
water under pressure are precipitated out of solution when the 
pressure is decreased and this precipitation generally causes an 
increase in aggregate volume of the water and solids. Ten 
samples of water from the upper horizon of the Dakota sand- 
stone, which is here under consideration, were analyzed by Shep- 
ard * early in the history of artesian water development. These 
samples contained an average of 2,261 parts per million of dis- 
solved solids, most of which consisted of soluble sodium salts 
that would not be precipitated by the change in pressure. They 
contained an average of only 27 parts per million of calcium and 
only 20 parts of magnesium. Even if all of these amounts of 
calcium and magnesium had been precipitated as carbonates, the 

28 Fowle, F. E., Smithsonian physical tables, 7th revised edition, p. 107, 1923. 


29 Shepard, J. H., “ The Artesian Waters of South Dakota,” South Dakota Agric. 
Coll. and Exp. Sta., Bull. 41, 1895. 
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volume of the precipitated material would be only about .002 of 
I per cent. of the volume of the sandstone, or not much more 
than .or inch—an amount that is insignificant in comparison 
with the amount of water that was removed from storage. More- 
over, analyses of water from this horizon made in recent years 
show about the same chemical composition as the earlier analyses, 
indicating that there has not been much precipitation. Even 
if the precipitation of solids were quantitatively of some conse- 
quence, the process could not account for most of the phenomena 
that have been presented as evidences of compressibility and 
elasticity. 

Gases Liberated from Solution.—The quantity of any gas that 
can be held in solution in artesian water decreases with decrease 
in pressure. If the water in an artesian aquifer is nearly satu- 
rated with gas some of the gas may escape out of solution when 
the artesian pressure is decreased and may occupy some of the 
interstices of the aquifer in gaseous form. By such a process 
large amounts of artesian water might be removed from an in- 
compressible aquifer and its place might be taken by the liberated 
gas. This process may have been operative in some places, but 
in most artesian aquifers the gas is apparently too meager in 
quantity to pass out of solution until it approaches the surface in 
its upward ascent through the well. The available information 
indicates that release of gas has not been a factor in any of the 
artesian aquifers that have been considered in this paper, but 
fuller and more precise data on the quantities of gas delivered 
by the artesian water would be desirable. At any rate the process 
of gas liberation would not account for the increase in artesian 
pressure that occurs when there is loading at the surface, as by 
ocean tides or railroad trains. As is well known, gas in many 
wells is liberated from the water as it approaches the surface, and 
this process, like that of an artificial air lift, is effective in bring- 
ing the water to the surface. However, to account for any of 
the phenomena cited in this paper as evidences of compressibility 
or elasticity, the gas must be liberated before it reaches the well. 
under the high pressures that prevail within the aquifers. 
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Sand, Silt, and Clay Removed with the Water—Large quan- 
tities of sand, silt, and clay are in many places brought to the 
surface by artesian water as it ascends through flowing or pumped 
wells that end in strata of unconsolidated materials. This has 
been notably true of some of the wells drilled to the Dakota sand- 
stone many years ago when the pressure was still great. The re- 
moval of sand is given by Platt and Johnson as one of the proba- 
ble causes of the subsidence that has been observed at the surface 
in the Goose Creek Oil Field, in Texas. However, the removal 
of the solid substance of a formation will tend to increase its 
storage capacity whereas the problem that has been outlined in 
regard to the Dakota sandstone is to dispose of the space which 
has been vacated by the water that was removed from storage. 
Moreover, removal of sand or other material through wells would 
not account for any of the other phenomena cited. 

Leakage of Wells—Many artesian wells that were improperly 
constructed or in which the casing has become corroded, suffer 
loss of water by underground leakage. A part of the water that 
is forced into such a well from the aquifer by artesian pressure 
escapes through some underground outlet and does not reach the 
surface. The leakage may occur even in wells that have stopped 
flowing or have never been flowing wells. Underground leak- 
age can generally be detected in either flowing or non-flowing 
wells by abnormally low head of the water in them, and the loca- 
tion of the leaks and the rate at which the water is escaping can 
be definitely determined by the use of a deep-well current meter.*° 
None of the phenomena that have been cited can, however, be 
adequately explained by assuming leakage from wells. Thus, 
leakage does not account for tidal fluctuations, and in so far as 
it has occurred in the wells in the Dakota Artesian Basin it only 
adds to the disparity between discharge and recharge. 

The effect of leakage on the rate of recovery of head after a 
flowing well is closed or the pump on a non-flowing artesian well 
is stopped is somewhat problematical and depends on the condi- 
tions that exist in the stratum into which the water escapes. It 


80 McCombs, John, and Fiedler, A. G., “ Methods of Exploring and Repairing 
Leaky Artesian Wells,” U. S. Geol. Survey Water-Supply Paper 596-A. 1927. 
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would seem that if the head against which the escaping water is 
discharged remains constant the leakage will not affect the rate 
but only the extent of recovery, but that if the head in the upper 
stratum which receives the escaping water is influenced by. the 
rate of leakage into it the effect will be the same as that of the 
elasticity of the artesian aquifer. It is possible that the lag in 
the nightly recovery in the Roswell Artesian Basin, shown in 
Figure 7, is in part a leakage phenomenon. 

Leakage of Confining Beds—The confining beds in many ar- 
tesian basins are permeable or leaky to the extent that enough 
artesian water escapes through them so that even when the first 
well is drilled the artesian water will not rise in the well very far 
above the water table. If the confining bed is very incompetent 
to prevent leakage the piezometric surface of the artesian aquifer 
even before there is any artesian water development may be only 
a few feet or a few inches above the water tabie. Under these 
conditions upward percolation through the confining bed occurs 
normally. It is accelerated whenever there is any rise in artesian 
head due to decrease in the rate of withdrawal of artesian water 
or increase in the rate of recharge of the artesian aquifer. Leak- 
age through a confining bed, like leakage through a well, can ac- 
count for lag in drawdown or recovery of head only as differences 
in the rate of leakage produce appreciable effects in lowering or 
raising the water table. There is a nearly complete gradation 
from aquifers with essentially impermeable confining beds to 
those which have no confining beds and whose piezometric sur- 
face coincides almost exactly with the water table. Lag in draw- 
down and recovery are inherent features of water-table wells, in 
which the cone of depression is formed by the removal of water 
from storage. On the other hand, where the confining bed is 
nearly impermeable, fluctuations in rate of leakage will be too 
slight to affect the water table appreciably and, hence, can not 
account for lag in drawdown or recovery in wells that tap the 
aquifer below the confining bed. 

The confining bed of the Dakota artesian basin consists of 
hundreds of feet of dense plastic shale that is impermeable or 
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very nearly so, as is shown by the very high heads that prevailed 
when the first wells were drilled. Leakage into the sandstone 
could not have occurred through this dense shale or against the 
artesian pressure, which is still generally sufficient to lift the 
water from the Dakota sandstone above the water table. Leakage 
out of the sandstone was never great or else the pressure would 
not have been so high when the first wells were drilled, and at any 
rate it could not account for the disparity between discharge and 
recharge. Leakage through the confining bed in any basin could 
not account for such phenomena as fluctuations caused by railroad 
trains. 


SIGNIFICANCE OF COMPRESSIBILITY AND ELASTICITY IN PROBLEMS 
OF HYDROLOGY. 


The amounts of compression and expansion that have been 
computed are so small when expressed in inches of depth or per- 
centage of volume that the question may arise as to whether, after 
all, this discussion has any real significance. The answer is, 
however, near at hand. If the compression of the sandstone 
accounts for most of the artesian water that has been discharged 
in the last four decades from 15,000 wells in one of the largest 
artesian basins in the world, it is obviously of major importance. 
In the past the principle of elasticity has not been recognized in 
attempts that have been made to estimate the artesian water 
supplies from the Dakota sandstone or other artesian aquifers, 
but estimates have generally been based on computations of 
transmission capacity, recharge at the intake area, or lowering 
of the water table at the intake—all on the assumption that the 
artesian aquifer is a perfectly incompressible and inelastic reser- 
voir or conduit. In fact, artesian aquifers are apparently all 
more or less compressible and elastic though they differ widely 
in the degree and relative importance of these properties. In 
general the properties of compressibility and elasticity are of the 
most consequence in aquifers that have low permeability, slow 
recharge, and high head. In many aquifers these properties are 
evidently important in supplying water not only by permanent 








290 OSCAR EDWARD MEINZER. 


reduction of storage but also by temporary reduction that is 
replenished when the wells are shut down or during the season 
of minimum use. If it were not for the elasticity, the supplies 
of water that could be recovered through artesian wells for in- 
termittent or fluctuating needs would be much smaller. 

In recent years the United States Geological Survey has con- 
ducted intensive investigations of four of the largest and most 
productive artesian basins in the country. The investigation of 
the Dakota artesian basin in North Dakota has been conducted 
in cooperation with the State Geological Survey and has been in 
charge of Howard E. Simpson, of that Survey, but much inten- 
sive work has also been done on the project by Herbert A. Hard; 
the investigation of the artesian aquifers underlying the Coastal 
Plain of New Jersey has been conducted in cooperation with the 
New Jersey Department of Conservation and Development by 
David G. Thompson; the investigation of the Roswell artesian 
basin, in the Pecos Valley of New Mexico, has been conducted, 
in cooperation with the State Engineer, by Albert G. Fiedler and 
S. Spencer Nye; and the investigation of the Honolulu artesian 
basin, in Hawaii, has been conducted, in codperation with the 
Territorial Commissioner of Public Lands and the Honolulu 
Sewer and Water Commission, by Max H.: Carson, John Mc- 
Combs, and Harold S. Palmer. 

In all of these three States and in the Territory of Hawaii, laws 
have been enacted regulating to some extent the use of the ar- 
tesian water, thus making headway against the time-honored but 
disastrous legal fiction that nothing can be known about the 
source, quantity, or destination of artesian or other ground water 
and that therefore anyone has the right to use it or waste it as he 
pleases without regard to the damage that he may do to others. 
If these water supplies are to be fully developed and utilized, more 
progress must be made in giving legal protection to those who 
develop them and put them to beneficial use. This can, however, 
be accomplished only as ground-water geologists and engineers 
establish a broad, secure, scientific foundation for determining 
ground-water conditions and estimating ground-water sup- 
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plies. Most of the quantitative work on ground water has 
been done on the non-artesian aquifers which have water 
tables, and consequently methods for intensive work on ar- 
tesian aquifers have been relatively meager and undeveloped. 
In the investigations that have been mentioned, however, progress 
has been made on fundamental principles that will lead to effec- 
tive methods, and it is believed that the theory of compressibility 
and elasticity of artesian aquifers expresses one of these funda- 
mental principles. 


U. S. GEoLocicaL SuRvEY, 
WasHIncTon, D. C. 
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SUMMARY. 


A BRIEF consideration of the principles of polishing is given with 
evidence which indicates that polishing is merely abrasion and not 
amorphous flow as has been rather generally held. Abrasives 
larger than .or mm. cannot be used without causing subsurface 
shattering or fissuring of the material below the bottoms of the 
deepest pits and scratches. Abrasives loose on the lap and free 
to roll cut unevenly and more deeply than abrasives embedded 
and fixed in the lap surface. When rapid abrasion is desired, 
rolling abrasives are preferred but for final polishing it is essen- 
tial that the abrasives be fixed. 

The polishing operation described is mechanically carried out 

1 This paper is a summary of a thesis submitted as a partial fulfillment of the re- 
quirements of the degree of Doctor of Philosophy, Harvard University. The work 


on which the paper is based was done in the laboratory of Economic Geology under 
the supervision of Professor L. C. Graton. 
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from beginning to end on metal laps. Copper has been found the 
most satisfactory for initial abrasion and lead for the finishing 
stages. The surfaces produced are essentially without relief be- 
tween hard and soft constituents, and are believed to be superior 
in most ways to surfaces otherwise available. Geological re- 
lationships, such as grain boundary detail between hard and soft 
minerals and minute inclusions can now be studied with a degree 
of satisfaction and reliability not heretofore possible. 


INTRODUCTION. 


As a result of extended study of the principles of polishing, 
and after much experimenting, a departure from the current 
methods has been worked out, which yields polished surfaces of 
ores believed to be superior to those hitherto obtainable. 

The procedure rests on two fundamental requirements, (1) 
that the specimen shall at no time, even in the early stages of 
grinding, be subjected to the harsh treatment of the usual emery 
wheels or coarse abrasives; such treatment is found to produce 
deep sub-surface injury to such a depth that it is rarely if ever 
removed and which, therefore, affects in a seriously adverse way 
the quality of the polish finally produced; and (2) that the laps 
used shall be made of crystalline material so that they may re- 
main constantly plane and unyielding, since fabric-covered or 
other soft-faced laps produce excessive relief between hard and 
soft minerals, tend to pluck out any insecurely-held portions of 
the surface, and cause perpetuation rather than elimination of 
many of the imperfections already present. 

Compliance with the first of these requirements necessitates a 
gentleness of treatment and thus a slowness of attaining results 
that would make manual control utterly impracticable. Compli- 
ance with the second requirement, however, permits a sequence of 
operations entirely mechanical from beginning to end. There- 
fore, since little personal attention is demanded, the longer time 
required for the completion of each individual specimen is not 
serious. And since the mechanical nature of the operation per- 
mits multiplication of the number of specimens which a given 
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operator can manage at any time, the average time required per 
specimen can be cut down to as little as or less than that previ- 
ously necessary when, in the later stages of the polishing proc- 
ess, the operator was obliged to give his whole attention to each 
individual specimen in turn. 

For some six years there has been in use in the Harvard Lab- 
oratory a machine which, taking ten specimens at once, first 
ground them to a fine “ matte” surface on a cast iron lap with 65- 
F alundum, and then, with the same abrasive on a lap covered 
with strong canvas, brought the specimens to a stage ready for 
final polishing by hand. But efforts to use finer or softer fabrics 
on this machine, in order to attain final polish, were invariably 
frustrated by the quick wearing through or by the puckering and 
wrinkling up of these fragile fabrics; such an outcome of course 
meant the immediate ruination of all ten specimens. Moreover, 
even though time was saved by the ten-fold mechanical operations 
of the early stages, the surface left by the cast iron was too 
coarsely pitted to permit good polish by direct transfer to the 
final, hand-controlled, stages; while on the other hand, the in- 
sertion of the canvas-lap stage initiated a deep relief which re- 
mained or increased ever thereafter. 

This machine, in short, was only partially a success; it saved 
some time, but it did not afford the quality of result desired. 
The machine, nevertheless, was so satisfactory up to a given point 
in the process as to suggest the probability of modifications that 
would permit mechanical operation even through the final stage 
and at the same time yield a better surface. With the aid of a 
grant from the Milton Fund of Harvard University, preliminary 
investigations were made and finally a machine was built which 
in a large measure attains the ideal originally sought. By virtue 
of the technique described later, a single charge of abrasive will 
suffice for hours, and the machine may be left running with virtu- 
ally no attention in the meantime. 


THE PRINCIPLES OF POLISHING. 


The chief requisites of a satisfactory surface are (1) absence 
of pits and scratches, (2) constancy of angle of reflection (which 
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means that the surface must be substantially free from undula- 
tions), (3) freedom from undue relief between hard and soft 
minerals. Pits and scratches are bad because (a) they are an- 
noying and distracting to the eye, (b) they obscure or remove a 
part of the field (and as for pits they often act selectively by re- 
moving much or all of a given constituent), (c) they introduce 
modifying influences of variable seriousness on apparent color, 
hardness, microchemical behavior, etc. Constant angle of reflec- 
tion is necessary to produce (a) even illumination, (b) reliability 
of color, (c) good visibility. Excessive relief (a) causes end- 
less change of focus, (b) prevents hard and soft minerals from 
being in good focus at the same time except at low magnifications 
and (c) obscures as a black rim (because of oblique reflection) 
the contact between hard and soft grains, yet this contact is a 
critical place—far more critical and instructive, as a rule, than 
the middle of grains—and ought to be available for the most 





Fic. 1. To show sharp boundaries between hard pyrite (Py) and soft 
sphalerite (black) with minor galena (Gn) and chalcopyrite (Cp) along 
contact, produced by new method of polishing. Such features are usually 
not visible with older polishes. > 340. 


careful investigation. Fig. 1, for example, shows how the con- 


tact between two large unlike grains (which in ordinary polish- 
20 
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ing would show, even under high magnification, merely as a black 
crack or veinlet) is a favorite locus for the deposition of minute 
grains of various minerals, any of which may be of prime diag- 
nostic significance. 

Fig. 2 shows the relief and poor mineral contacts ordinarily 
obtained when surfaced by the usual methods, and may be con- 
trasted with Fig. 2a, polished by the methods to be described in 
this paper, showing how inclusions of soft minerals are plainly 





Fic. 2 (left). 100. Prevailing method of polishing, showing re- 
lations between pyrite (Py), galena (Gu), and chalcopyrite (Cp). 
Quartz (Q), hole (H). Note indistinct pyrite boundaries, and black pits 
and cracks in pyrite from which soft minerals have been removed. Higher 
magnifications not satisfactory. Contrast with Fig. 2-d, polished by 
newer methods. 

Fic. 2-A (right). Same as Fig. 2, polished by new method. X 260. 
(Black area is chalcopyrite, white is galena.) 


revealed in pyrite. Upstanding hard grains, moreover, since 
they bear the brunt of the bombardment of abrasives and rotating 
lap, stress and then crack the softer minerals around them, and 
finally pull out, leaving deep scars and causing scratches where 
they are dragged across the specimen. 

By means of the newer methods of polishing it is possible (1) 
to reduce pits and scratches to a minimum: no scratches what- 


S| 


S| 
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ever and few if any pits on hard minerals like pyrite, or mag- 
netite, and no pits and relatively few scratches on the softest min- 
erals like galena or chalcocite. (2) To approximate so closely to 
plane surface that a practically perfect mirror-like reflection is 
obtained. (3) To reduce relief so that none of the field is ob- 
scured by “dark rims,” no mineral grain of microscopically re- 
solvable size can escape detection, and adjacent hard and soft 
minerals are in proper focus éven at highest powers. Fig. 3 
shows a minute (0.013 mm.) composite inclusion in arsenopyrite 





Fic. 3. 6310. Inclusion of an unknown (U) in arsenopyrite (Ap) 
showing clear sharp contacts. A tiny elongated pit across the contact 
is shown. Magnifications of this order are necessary to reveal minute 
structural relationships, but yield practically nothing unless the polished 
surface is essentially plane. 


magnified 6310 diameters, and Fig. 4 a composite veinlet magni- 
fied 1420 times of soft minerals in pyrite. In both specimens, all 
parts of the field are in almost perfect focus. 

The polishing of surfaces in this manner gives contacts that 
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are everywhere clean and sharp. Color is the true reflection color 
of the mineral instead of the resultant of waviness with indefinite 
degrees of darkening by microscopic pits and scratches and by 
the tarnish on unburnished sloping surfaces of the depressions. 


oe 





Fic. 4. 1420. Veinlet of chalcopyrite (Cp), sphalerite (S/) and 
galena (Gn) in pyrite. Hole (H). Note small relief. The maximum 
width of veinlet is about .004 to .oo5 mm., yet the relationships shown are 
clear. Such relationships may not be evident except at these magnifica- 
tions. 

Microchemical reactions are sharper and more decisive, as the 
surfaces are free from minute sub-surface granulation. Pre- 
liminary results indicate that electrical conductivity is more con- 
stant and therefore more dependable for diagnosis than with 
polished surfaces produced by the older methods. Behavior in 
polarized light is rendered more obvious, constant, and reliable. 
The only respect in which this new character of surface may not 
be entirely satisfactory is that the virtual absence of relief elimi- 
nates the customary basis for approximating relative hardness. 
Since on the best surfaces so produced, the deviation from a true 
optical plane over the whole of a specimen containing in abun- 


a —-& L£Fp Po LH KP — FD 


meso of eme 


om, ith 


IMPROVEMENTS IN THE POLISHING OF ORES. 299 


dance such contracting constituents as quartz, pyrite, calcite, and 
galena is found by the conventional interference-plate test to 
range from 4 wave-lengths to less than 1 wave-length, such relief 
is seen to be virtually absent. Since Talmadge ’* has perfected a 
far more reliable means of hardness determination than can be af- 
forded by estimation from relief, the seriousness of such a defect 
in the new method is greatly lessened. Furthermore, should relief 
be desired, it may be induced to any desired degree by pressing the 
specimen against a fabric-covered lap. The writer’s expectation 
is, however, that the advantages arising from absence of relief 
will be found so greatly to outweigh the disadvantages that as 
soon as workers become accustomed to the new character of sur- 
face they will never be content deliberately to induce relief upon 
it merely to bring out in a rough way differences of hardness. 

Most polished surfaces are begun with coarse abrasives on hard 
laps and finished with fine abrasives on soft laps and good re- 
sults are obtained on ores composed of minerals of about the same 
hardness but not on ores composed of hard and soft minerals. 
Of course porous and loosely bonded granular ores present diffi- 
culties, but these can often be overcome by impregnation with 
Canada balsam or bakelite varnish. But nothing has been ac- 
complished before to overcome differences in hardness. During 
the initial stages of grinding when coarse abrasives are used, the 
abrasion is rapid and the wearing of material from the surface 
is obvious. During the final stages when very fine abrasives are 
used the abrasion is so exceedingly slow that removal of material 
is not noticeable by casual inspection, which, however, does show 
that the surface is improving in smoothness or polish. This has 
led some to the false assumption that material is not removed 
during the finishing stage of polishing. 

The two contrasting views of polishing are: (1) that it is 
abrasion by hard cutting grains so fine that the scratches pro- 
duced are microscopic or submicroscopic in size; (2) The amor- 
phous film hypothesis, originated by Beilby* which postulates 

2 Talmadge, S. B., Econ. GEot., vol. 20, pp. 520-554, 1925. 


3 Beilby, Sir George, Proc. Royal Soc. London, 72, 1903, p. 218. 


“ Aggregation 
and Flow of Solids,” McMillan, London, 1921. 
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that a thin surface layer is liquefied by the fine but not necessarily © 
hard polishing powders. This liquefied layer before it solidifies is d 
supposed to be drawn by surface tension to a smooth surface th 
which thus constitutes polish. The skin so formed is thought to 8s 
be amorphous and is supposed to be capable of filling or bridging : 
over and thus concealing scratches, pits or other features. In i 
addition to its importance to polishing, the suggestion of a polish- § 
film is of the greatest consequence to the geologist, for it implies te 
that the things seen under the microscope on polished surfaces of a 
ores are not natural geological relationships, but instead merely si 
the structures of.a superficial skin produced by polishing. The . 
amorphous film, in so far as minerals are concerned, is believed a 
by the writer not to exist ; all known physical tests such as X-rays, tl 
polarized light, color, hardness, solubility, et cetera, fail to reveal é 
its reality. t! 
Abrasion: Rolling and Fixed Grains.—That polishing is ab- \ 
rasion is shown by the fact that the polishing media must be es- fi 
sentially as hard or harder than the substance being polished. I 
Diamond, the hardest of all minerals, is invariably polished with a 
diamond dust; other substances not being effective. Abrasion s 
takes place in two ways (1) by rolling grains that cause fractur- d 
ing or fissuring of the surface but do not cut away the material fi 
directly. With favorable intersections of fissures, particles are t 
loosened and removed from the surface; (2) by fixed grains r 
which in a planing fashion cut the material directly from the sur- 
face. Preston * maintains that in all stages of abrasion, abrad- s 
ing grains do not cut anything directly from brittle substances but 
instead cause fracturing or fissuring of the surface to such an 3 
extent that particles are loosened and eventually removed. When a 
all the grains roll or slide Preston’s explanation is fundamentally r 
true but it is not correct when the abrasives are fixed. Instead b 
the writer believes that fixed grains, in a planing fashion, directly n 
cut the material from the surface. This also seems to be the } 
opinion of Thomson® who says concerning the finishing polish f 
4 Preston, F. W., Trans. Optical Soc. London, 23, 1921-22, p. 146. : 
5 Thomson, Elihu, Jour. Optical Soc. of Am., 6, 1922, p. 843. g 
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of glass, “ . . . smooth cutting is the rule. The polishing is in- 
deed a kind of planing process; the particles set themselves. into 
the pitch surface and they cut smoothly; they do not roll or 
grind.” 

It is important to have clearly in mind the differences resulting 
from abrasion by rolling and that by fixed grains. (1) Rolling 
grains produce a matte or pitted surface, whereas fixed grains 
tend to produce only scratches. (2) Cutting by rolling grains is 
uneven since different cutting corners and edges of the grains are 
successively brought into effective position but with fixed grains 
cutting must be uniform. (3) Grains of a given size lying, that 
is free to roll, on the top surface can cut to a depth equal to the 
thickness of the grains, but grains of the same size fixed in the 
lap are embedded probably at least half their thickness and can, 
therefore cut less deeply than the rolling grains of equal size. 
When polishing with metal laps it was found necessary, in the 
final stages of polishing, to avoid an excess of abrasives and 
lubricant to prevent rolling of grains. Even the finest abrasives, 
as magnesia (about .0008 mm.), invariably produced pitting of 
soft minerals. This leads to the conclusion that it is much more 
difficult to produce a satisfactory polish by rolling grains than by 
fixed grains. The writer believes that it is probably impossible 
to produce polish by merely decreasing the size of pits, that is by 
merely reducing the grain of matte surface, by rolling grains; 
but that a mirror-like polish consists in making scratches succes- 
sively finer, that is, abrasion by fixed grains. 

All substances used for polishing laps are capable of holding 
abrasives fixed in their surface. Soft ductile metals like copper, 
aluminum, tin, and lead, also pitch, are readily charged with ab- 
rasives. When the abrasives are fixed or embedded they cannot 
be removed by washing, in fact the only way to remove them is to 
machine off a layer from the lap, thus exposing a new surface, 
Most fabrics are too loose and open in texture to hold abrasives 
firmly fixed and to offset this and give the effect of fixed grains, 
fabric-surfaced laps are usually run at high speeds in order to 
get the best polishing effects. Brittle laps such as of cast iron or 
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glass do not permit the abrasives to become embedded and for this 
reason are not satisfactory for polishing. 

Subsurface Shattering by Coarse Abrasives.—In the prelimi- 
nary surfacing, it is common to use an emery wheel which consists 
of relatively coarse grains, or loose powders on a cast iron lap; the 
abrasive grains are as large as .07 to .0g mm. or more. These 
coarse sizes are used to produce quickly a flat surface on the speci- 
men; a pitted or matte surface is produced in this way. ‘It is 
generally assumed that it is necessary only to wear the surface 
down to the bottom of the deepest pits in order to attain a polish. 
This, however, is not true, for by this harsh treatment, injury has 
been produced in the specimen to a greater depth than that of the 
deepest pits; and this injured layer must be nearly or entirely re- 
moved before good polish results. Such subsurface fractures 
make it difficult to produce, on brittle materials, a polished sur- 
face free from pits; the new pits that continually appear during 
polishing are formed as particles, loosened by the fractures, are 
pulled out. Preston ® has shown by direct measurements that to 
polish glass, beginning with a matte surface with pits 3 wave- 
lengths of light deep, it was necessary to remove from the surface 
a layer 6 to 10 wavelengths in thickness in order to get to the 
bottom of fissures or flaws that extend below the pits. These 
fissures or flaws are small but can actually, under favorable cir- 
cumstances and high magnification, be seen to extend out from 
and below the bottoms of scratches or pits in brittle transparent 
materials. The fissures connected with pits seem to be larger 
than those with scratches. Naturally this subsurface shattering 
cannot be seen in opaque minerals such as compose most ores but 
unquestionably they are present and must be removed before a 
satisfactory polish can be produced. 

Sub-surface fissures are characteristic of brittle materials but 
metals, being mostly ductile, fracture less easily. For stresses 
within certain limits, the metal crystals are deformed by twinning 
or slip on gliding planes without fissuring, except in the case of 
brittle metals. For very ductile metals such as copper or lead all 


6 Preston, F. W., Trans. Optical Soc. London, 23, 1921-22, p. 146. 
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the stresses produced by the cutting of abrading grains may pro- 
duce only twinning and slip in crystals. 

Importance of Sub-surface Fissures or Flaws—lIn the polish- 
ing of a deeply flawed surface, the particles of the specimen, 
which are only loosely attached because of intersecting flaws, 
will break out and this will continue until the bottoms of essen- 
tially all the flaws are reached. The deep flaws produced by 
coarse abrasives in order to attain rapidly a flat surface on glass 
and more especially on brittle heterogeneous ore, may greatly pro- 
long the time necessary to produce a satisfactory polish. Ina 
homogeneous substance like glass the flaws will be fairly uniform 
in depth, and also for single homeogeneous minerals but the fis- 
sures or flaws produced during abrasion on an ore vary greatly 
for two reasons: I, minerals flaw or fissure according to their 
different hardness and brittleness; and 2, grain boundaries and 
incipient fractures are zones of weakness and yield more readily 
to fissuring than the interior of grains. 

Hard and Soft Minerals—As stated, the flaws will be reason- 
ably uniform for each mineral but they will be of different depth 
on hard and soft minerals. However, since the abrasives also 
penetrate as percussion pits to unequal depth it is difficult to de- 
termine the relative extent of the flaws. Considering the pits and 
flaws together the writer has found it important to choose an 
abrasive of the proper fineness to suit the weakest mineral in the 
specimen. This includes soft minerals and certain brittle min- 
erals like pyrrhotite, pentlandite, tetrahedrite or chalcopyrite that 
pit and, therefore, presumably flaw more readily than softer but 
more sectile minerals such as galena or chalcocite. 

Grain Boundaries.—The flaws extend to a greater depth near 
grain boundaries and along fractures than in the interior of the 
grains. This is clearly seen in Figs. 5 and 5a, photographs of mag- 
netite and pyrrhotite grains in chalcopyrite. The preliminary ab- 
rasion that produced the fissures seen in Figs. 5 and 5a was done 
with .o15 mm. alundum and kerosene on an aluminum lap. 
Coarser abrasive would have caused even more serious fractur- 
ing, with the probable result that the smaller, harder grains would 
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have been completely surrounded by fissures and would have been 
bodily torn out. After polishing for an hour with .oo25 mm. 
alundum, the main chalcopyrite field was free from pits, but the 
flaws seen on the grain boundaries in Fig. 5 persisted even after 





Fic. 5 (left). Large fissures or flaws developed on aluminum at min- 
eral boundaries by .015 mm. alundum. XX 115. mg, magnetite; po, 
pyrrhotite; cp, chalcopyrite. 

Fic. 5a (right). Area similar to Fig. 5, polished to the bottoms of 
most of the pits. The minute grains or stringers, as the (po) pyrrho- 
tite and (sl) sphalerite, along grain boundaries, are the first to break out 


when too coarse abrasives are used. XX 340. 


two hours additional polishing. Obviously if fine abrasive had 
been used from the start, despite its slower cutting power, a satis- 
factory polish would have been secured in less time. Commonly 
during polishing, small particles break out where the fissures are 
large or numerous. Such pits often mark the position of hard or 
soft, very brittle minerals completely removed from the surface so 
that not only the mineral but important relationships as well are 
commonly missed in the microscopic study. For example in 
Fig. 5a, showing similar relationships of magnetite, pyrrhotite 
and chalcopyrite in the same specimen as Fig. 5, the very narrow 
stringer of pyrrhotite and the small grains of sphalerite along the 
magnetite-chalcopyrite boundary are the first to fracture and 
break out when the abrasives used are too coarse. 
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Large pits that so commonly develop during the final stages of 
polishing are not initial percussion pits, but are what may be 
called secondary pits produced as a consequence of the inter- 
section of subsurface fissures which permit fragments to be 
loosened and pulled out by the ensuing operation. If abrasion is 
conducted with too coarse abrasives a layer characterized by in- 
numerable relatively large fissures is perpetually formed just 
below the bottoms of the percussion pits, and keeps breaking down 
into secondary pits as soon as abrasion reaches it. In other words 
the abrasion would never overtake and eliminate its own layer of 
injury. It is therefore necessary to use even in the early stages 
of abrasion, abrasives sufficiently fine to avoid excessively large 
subsurface fractures. 


ABRASIVES AND SIZES USED. 


In a recent issue of Economic GeroLocy, Short’ gives the 
actual sizes of most of the abrasives used in the laboratory of the 
U. S. Geological Survey for polishing ores. Following Short’s 
example the writer will designate in millimeters the sizes meas- 
ured under the microscope of all the abrasives used, since the 
terms used to designate commercial abrasives are meaningless. 

The abrasive mostly used by the writer is alumina manufac- 
tured and sold as alundum by the Norton Company, Worcester, 
Mass. It was chosen because of its hardness. Carborundum 
though not used would probably be equally satisfactory. How- 
ever, it was not found possible to obtain on the market alundum 
sufficiently fine for the final polish and for this purpose rouge or 
magnesia had to be used. 

The following abrasives were used by the writer: 


.o1 mm. Alundum: This is the size of the largest grains. About 
50 per cent. of the bulk were of this size. 
.0025 mm. Alundum: About half the grains were of this size, 
the remainder being finer. 
.0OI mm. rouge: Only a small per cent. of the grains were as 
large as this, most of them were much smaller. 
7 Short, M. N., Econ. GEOox., 21, 1926, p. 663. 
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.0007 + mm. Magnesia: Grains not distinctly visible; undoubt- 
edly the bulk of the grains are smaller than the figure 
given. 


Finer powders are necessary to polish soft minerals than are 
required to polish hard minerals. This fact is well known but 
in the opinion of the writer not enough emphasized. When suc- 
cessively finer abrasives are used on a lead lap operated under the 
same conditions it is invariably the rule that the hard minerals 
show polish first and the soft minerals last. The softest min- 
erals could be polished only with the finest abrasives. A striking 
succession has been observed while polishing a specimen contain- 
ing pyrite, chalcopyrite, sphalerite, tetrahedrite and galena. The 
order in which the minerals were polished is given below: 


OI mm. alundum: Mirror-like polish on quartz; the pyrite was 
partly polished but showed many pits and scratches; the 
remaining minerals still showed a fine matte surface. 

.OOI mm. rouge: mirror-like surface on pyrite; chalcopyrite, 
sphalerite and tetrahedrite were polished but finely 
scratched; Galena was badly scratched and finely pitted. 

.0007 + mm. magnesia: Left almost no scratches on chalcopyrite, 
chalcopyrite and tetrahedrite and galena were free from 
pits though finely scratched. 


The writer found from experience that abrasive larger than 
.OI mm. cause excessive sub-surface shattering of minerals of 
intermediate hardness, such as chalcopyrite, sphalerite, tetrahe- 
drite, pentlandite and pyrrhotite. Even hard minerals such as 
pyrite will show excessively large scratches and pits when ab- 
rasives larger than .O1 mm. are used. Since all the finer grades 
of commercial emery, alumina or carborundum, contain grains 
up to .02 or .04 mm. in size they could not be satisfactorily used 
even in the early stages of abrasion. Yet these are used in all the 
described methods of polishing. A surface smoothly cut with a 
diamond saw is a much more satisfactory foundation and requires 
less time for polishing than a flat surface ground with coarse ab- 
Tasives. 
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The sizes most satisfactory for grinding ores are the abrasives 
not larger than .o1 mm. and these were sized by the writer for 
his own use by washing 600. alundum, since finer powders (up 
to .03 mm.) are not available on the market. It is a slow and 
exacting process to size particles as fine as .005 or .oOI1 mm. 
and the only satisfactory way is levigation, commonly called 
washing the powders. Particles that remain in suspension in 
water for more than five hours are exceedingly fine, about .ooo6— 
.0008 mm., but it is a tedious process to collect an appreciable 
amount of powder of this size. Le Chatelier* elaborated the 
process of levigation and describes methods for washing a 
large variety of polishing materials. French * designed a method 
for treating one and a half tons of carborundum a week. A 
common method for levigating small amounts of abrasives is de- 
scribed by Short.*® By repeated stirring, allowing to settle and 
siphoning off the top portion of water mixed with abrasives in a 
jar, he obtained abrasives averaging .0O15 to .003 mm. but mixed 
with a few grains .0o3 mm. in size. These large grains are 
really accidental admixtures and to avoid them it is necessary to 
get rid of even minute air bubbles, and to eliminate the floated 
layer at the surface, either of which may contain coarse grains. 
This and repeated stirring are bad features of the process as out- 
lined by Short, but with sufficient care satisfactory powders 
can be produced. The writer was able to wash abrasives by a 
method modified to eliminate these features that cause accidentai 
admixtures of a few coarse grains, and hopes to be able in the 
near future to furnish a detailed description of this method. 


LAP. 


Next to the use of fine abrasives from the beginning, the most 
radical departure, recommended by the writer, from the prevail- 
ing methods is the substitution for polishing of metal laps for 
fabric. It was found impossible to avoid excessive relief when 

8 Le Chatelier, Henri, Metallographist, 4, 1901, p. 4. 


9 French, J. W., Optical Soc. London, 19, 1917-18, pp. 2-38. 
10 Short, M. N., Econ. GEot., 21, 1926. 
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fabric or any other yielding laps were used. This recommenda- 
tion is made only after extensive experiments with laps of fabric, 
leather and beeswax. In a search for an unyielding material, 
pitch, hard rubber, bakelite, celluloid, boxwood and various other 
substances were tried but they were all found unsatisfactory ; most 
of them were found too hard to permit embedding of the grains, 
others caused too much relief. For final polishing it is essential 
that the lap be softer than the material polished. Lead is very 
soft, yet essentially unyielding, and was found most satisfactory, 
for with it surfaces that are practically optically plane can be pro- 
duced even on specimens containing such extremes as pyrite and 
galena. 

For initial abrasion lead can be used but a harder metal saves 
time. Cast iron is not satisfactory because of the iron particles 
that continually break from the lap and damage the specimen. 
These iron particles are quite large; many .05-.06 mm. in size 
were found in the wax mount of the specimen. Copper is 
best suited for initial abrasion, because (1) it is softer than iron 
and the abrasion is therefore less harsh, (2) it is not brittle so 
that there is no danger of damaging particles breaking from the 
lap. 

The Surface-—Surfaces of the lap machined true to .oor inch 
variation were used throughout and were very satisfactory after 
the fine machine marks were worn down. 

The surface of the lap must be kept true. The surface of the 
specimen must be flat and fit perfectly at all times as it passes 
over the lap surface or satisfactory results cannot be attained. 
This is as important for the earlier stages of abrasion as it is for 
the final stages; for if the specimen does not fit all the laps used, 
obviously the part abraded on one lap will be untouched on the 
others and much time will be lost. The quality of the polished 
surface attainable depends on the lap surface which if not true, 
will invariably produce surfaces that are far from plane and parts 
of which remain unpolished. 

Grooves.—To prevent grabbing, concentric grooves 1/16 inch 
wide by 1/32 inch deep, spaced 1/8 inch between the edges were 
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machined on the lap surface. The writer found that the neces- 
sity for grooves was well known in commercial grinding and 
polishing plants, but it seems that their importance has never been 
realized in ore polishing since no mention is made of them in the 
literature on polishing ores. In addition to preventing grabbing, 
these grooves keep the lubricants and abrasives more uniformly 
distributed over the lap surface. Similar grooves, were used on 
the hard laps as well as on the soft. On hard laps, like iron, 
grabbing will tear the specimen from the operator’s hand without 
injuring the lap surface, but on soft laps, like lead, or tin, and 
even on copper, the lap surface, when grabbing occurs, will be 
damaged badly by the edges of the specimen if too firmly held. 
Grabbing is much worse with fine than with coarse abrasives, and 
unless the lap is grooved, it tends to limit the fineness of the matte 
surface that can be produced. 

The grooves need not be concentric or of the size specified by 
the writer. In fact it might be better if the lap were grooved 
into squares, but concentric grooves are much easier to make, 
since this can be done on the lathe. The grooves need not be 
large; some 1/32 inch wide were found to be satisfactory. The 
larger size described are preferred because they are easier ta clean. 
The bottoms of the grooves are round, rather than square, to 
facilitate further ease of cleaning. 

Cleaning the Lap.—A separate lap must be employed for each 
size of abrasives used because the abrasive actually becomes im- 
bedded in the lap so that it can not be removed by washing. 

The laps need cleaning when the material worn from the speci- 
mens forms a relatively thick coating that tends to separate the 
specimen from the abrasive and thus slow up abrasion. The laps 
on which the coarser abrasives are used naturally must be cleaned 
often. The writer found that a lead lap operated thirty to forty 
hours, with proper charges of .0025 mm. alundum added when 
necessary, had not accumulated enough debris abraded from the 
lap surface itself and two specimens, to necessitate cleaning. 

To clean a lead lap, soap and water are satisfactory. Dilute 
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nitric acid ** (commercial nitric with 8 parts water) is also good 
for washing, since it cuts the oil and dissolves the lead surface 
sufficiently to loosen much of the imbedded material. The acid 
may be applied after the excess oil has been removed with soap, 
or directly to the oiled surface. A short, fairly stiff bristled 
brush is more efficient and convenient for scrubbing the surface 
than a cloth or the hand. 

Charging of Lap.—The amount of the abrasive needed to 
charge a lap is small. Ona ten inch lap, powder equal in volume 
to a 3 or 4 mm. ball is sufficient for three or four hours of con- 
tinuous grinding. This is a radical departure from older meth- 
ods, in which excess of abrasive is applied from time to time, as 
with a teaspoon, “ painted”’ on with a brush, or sprayed on with 
a wash bottle or atomizer. A second advantage of using a mini- 
mum amount of abrasive is cleanliness. With the writer’s pro- 
cedure, there is no excess abrasive to fly or spatter about and con- 
taminate machines, benches, specimens and other laps and ab- 
rasive containers. This is important in the elimination of acci- 
dental pits and scratches in the late stages. Attempts to speed 
up the rate of abrasion by adding excess abrasive invariably failed 
and often damaged the surface of the specimen by changing the 
process from embedded, fixed-grain abrasion to rolling grain 
abrasion. 

The abrasive must not be applied dry. It is best to mix it toa 
stiff paste with a lubricant. This paste can then evenly and with- 
out waste be applied to the lap. 

Lubricant—Water, glycerine, alcohol and oil were experi- 
mented with as lubricants. Water, glycerine or alcohol permit 
the lead surface to be pulled up and roughened by the specimen. 
For reasons not understood, the use of oil as a lubricant during 
polishing keeps the lap surface smooth. Even light oils, like 
kerosene, have this protective effect on lead. When it is neces- 
sary to run the lap with the thinnest possible film of oil, kerosene 

11 Since nitric acid is a solvent of lead it is important to use only dilute con- 


centrations and to apply it quickly and evenly and not permit the acid to remain 
on the lead surface longer than is necessary—usually less than half a minute. 
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alone cannot be used because its rapid evaporation allows the lap 
to dry to such an extent that the lead surface will tear. However, 
medicinal pure mineral oil (nujol) does not evaporate appreciably 
and only a very small amount of it was found necessary to pro- 
tect the lead. 

Mineral oil is too viscous to be used alone. The film of oil 
between specimen and lap is sufficiently thick to prevent finer ab- 





rasives from cutting. A mixture of three parts kerosene to one 
part mineral oil (nujol) seems to give the best results. It might 
be well to repeat that kerosene used alone is satisfactory when 
the lap is kept fairly wet and it fails only when it becomes neces- 
sary to run the lap with the smallest amount of oil possible, to 
avoid rolling grains during the final or polishing stage of the 


process. 
21 
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THE POLISHING MACHINE, 


The polishing machine is shown in Fig. 6. The shaft A drives 
both the lap and the shaft B carrying the head C that holds the 
specimens. When the machine is not in operation shaft B is held 
suspended by the arm D; during polishing it is lowered and its 
weight, about 12 pounds when running, is carried by the speci- 
mens. This weight was found to be sufficient during the entire 
process of polishing; in fact it may be more than is necessary. 
The lap and specimens revolve in opposite directions which dis- 
tributes abrasives and lubricant over the entire lap surface and 
prevents them from working toward the edges of the lap. The 
specimens revolve in a 4 to 5 inch circle at about 200 revolutions 
per minute. The lap is ten inches in diameter and revolves about 
60 revolutions per minute. These speeds were found very satis- 
factory, and the machine was commonly left to operate as much 
as 2 to 4 hours continuously with only a few moments of per- 
sonal attention. Although a little time might be saved by using 
a higher speed this is more than offset by increased dangers that 
are naturally involved with high speeds. 








Fic. 7. 


A close-up view of the lap and the head that holds the speci- 
mens is given in Fig. 7. The head that holds the specimens is 
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hinged to the shaft giving it flexibility for adjustment to speci- 
mens not exactly the same thickness. The shaft that carries the 
head, (not resting on specimens in the picture) for holding the 
specimens, is centered about halfway between the middle and edge 
of the lap. The specimens pass over all of the lap surface, as it 
is constantly revolving under the specimens, and in this way the 
lap surface is kept true. 

The manner of holding the specimens is shown in cross section 
in Fig. 8. The round pointed pin A is held in by the-depression 
B centered in the back of the specimen mount C by the weight of 
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the shaft, to which the holding head is attached. These parts are 
labelled with the same symbols in Fig. 7. The specimen is free 
to turn on its pivot as it passes over the lap thus insuring an even 
abrasion of the surface of the specimen. The specimens must 
be mounted. A shellac-resin formula given in the paper by Short 
already referred to was used. However, the brass frames could 
not be used because the sharp edges even when bevelled cut into 
the lead. Bakelite was found to be the most satisfactory mount 
for it is inert, strong but not too hard and does not dry out and 
crack as do the waxes. For experimental purposes of the writer 
a few specimens were mounted by courtesy of the Northern In- 
dustrial Chemical Company of Boston. The results were so 
satisfactory that every effort possible is to be made by the Lab- 
oratory of Economic Geology at Harvard to use bakelite regularly 
in the future for mounting ore specimens.’ 


11a Since this article was written a machine of special design for mounting 
specimens in bakelite has been installed in the laboratory and the mounts made 
have been very satisfactory. 
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The polishing machine although not primarily designed for ores 
is exceedingly well adapted for it. Improvements, however, can 
be made especially in the direction of increasing capacity.” As 
can be seen in Fig. 6, the machine is simple in design. It requires 
a minimum of attention to operate. 


GENERAL PROCEDURE. 


Before considering the general procedure in detail the writer 
wishes to stress briefly the importance of proper manipulation be- 
cause, as previously stated, there is a certain rather delicate bal- 
ance of conditions necessary between the lap, the lubricant and 
the abrasives in order to get a satisfactory polish. First, the 
proper lubricant must be found. With a pitch lap water is used 
but on lead it cannot be used, though oil is very satisfactory. If 
not enough oil is put on the lap. both the lap and the surface of 
the specimen will be damaged. Too much oil will save the lap, 
but will result in a badly scratched surface on the specimen. 
Again, if too much of the abrasive is put on the lap or improperly 
applied the results will inevitably be disastrous. These facts are 
mentioned at this time in order to prepare anyone wishing to fol- 
low the writer’s method for polishing. Failure to duplicate the 
results will mean that more experimenting is necessary to under- 
stand and apply the description here given. 

In each step the lap is charged in the same way. The lubricant 
used is 34 kerosene and %4 mineral oil (nujol). At first just 
enough lubricant is applied to moisten the surface of the lap 
without allowing any to run into the grooves. Then a thick 
paste composed of the abrasive and the lubricant should be ap- 
plied evenly over the entire lap. A ball of the paste equal to 3 to 
4 mm. is sufficient, and puts just enough oil on the lap so that 
after running for a few minutes, when the surface is lightly 
touched with the tip of the finger, very little oil remains on the 
finger. When in proper condition, the lap appears practically 
dry but slightly greasy. 

12 Since this article was written, a new head has been made and is now in use, 


which carries six specimens instead of two—about the maximum number for a 
ten inch lap. 


eh — (oO 


mh 


IMPROVEMENTS IN THE POLISHING OF ORES. 315 


With .or mm. and .0025 mm. alundum, abrasion is fairly 
rapid. The material worn from the mineral surface thickens the 
lubricant and so prevents further abrasion; this may be thinned 
by a little kerosene applied with a kerosene-moistened cloth. 

By wiping the lap surface with a cloth, the excess oil and abra- 
sives are removed until essentially all the remaining abrasives are 
fixed. The lap is best cleaned while it is turning. 

No advantage has been found in causing the abrasives to be- 
come fixed during the first three stages. In these stages rela- 
tively rapid removal of material is desired and rolling grains are 
more effective for rapid abrasion than fixed grains. 

With a little experience it is fairly easy to judge how often the 
machine needs attention. After properly oiling and charging 
the lap, the writer obtained the best polish by allowing the machine 
to operate continuously for one and one half hours without giv- 
ing any attention whatever. Each time the machine is stopped 
and started the speed and conditions are momentarily changed, 
consequently the best results require the least stopping and start- 
ing. 


STEPS IN THE PROCEDURE. 


I. .Or mm. alundum on copper. Just enough lubricant is ap- 
plied to wet the lap surface, the lubricant being 3% kerosene and 
Y4 mineral oil (nujol). Then 3 or 4 mm. of thick paste of lubri- 
cant and abrasive is evenly applied over the entire surface of the 
lap. After running a few minutes the lap should be sufficiently 
dry so that it can be lightly touched without moistening the 
finger. 

The time required for grinding is from 1 to 2 hours. A fine 
matte surface is produced with very few scratches in the hard 
minerals like pyrite and pits in the intermediate and softer min- 
erals like chalcopyrite and galena. 

2. .O1 mm. alundum on lead. This requires from 1 to 2 hours 
to remove the larger pits in the specimen not removed in the in- 
termediate and softer minerals made by grinding in 1. 

3. .0025 mm. alundum on lead. This requires from 2 to 5 
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hours to reduce all minerals to a fine even matte surface. The 
quartz is fairly well polished in this stage. 

4. .OOI mm. rouge on lead. Requires 1 to 2 hours. Produces 
a scratchless polish on pyrite. By wiping the lap so dry that it 
becomes smooth and reflecting, the minerals of intermediate hard- 
ness polish quite well, but this scratches galena badly. With the 
proper amount of oil soft minerals like galena will remain a matte 
surface and minerals of intermediate hardness have finely 
scratched polished surfaces. 

5. .0008 + mm. magnesia on lead. Requires 1 to 2 hours. 
After running the lap for half or three quarters of an hour the 
oil will have worked into the grooves of the lap, leaving the sur- 
face of the lap with a very thin film of oil. The lap will become 
shiny and reflect good images at about 60 degrees incidence. Ii 
the oil does not work into the grooves fast enough, it is a sign 
that too much was applied on the lap. This can be remedied by 
wiping with a piece of cloth while the lap is turning. If there is 
an excess of oil in the grooves it will continue to work out and 
the lap must be wiped every five or ten minutes. For this reason 
it is well not to add too much oil in the first place. 

The final result is a mirror-like polish on all the minerals, which 
are essentially scratchless with the exception of the softest min- 
erals like galena. The relief is so small that the highest mag- 
nifications possible can be made very satisfactorily. 


HarvArD UNIVERSITY, 
CAMBRIDGE, Mass. 





PETROGRAPHIC CRITERIA OF STRUCTURE IN THE 
CROMWELL OIL FIELD, OKLAHOMA? 


RANSOM E. SOMERS. 


Tuls study is based upon fifty-two thin sections of caprock from 


.the Cromwell oil field in Seminole and Okfuskee counties, Okla- 


homa. ‘The collection of samples and the making of thin sec- 
tions was made possible through the support of Mr. James H. 
Gardner, of Tulsa, Oklahoma. The suite came to the writer 
from Mr. K. C. Heald, of the National Research Council. 


THE CROMWELL FIELD. 


Cromwell became an oil field in 1923 and 1924, reaching a 
maximum of 62,391 barrels a day during the week ending August 
20, 1924. 

The surface formations are Pennsylvanian in age. The prin- 
cipal production occurs in the Cromwell sand zone, a sandstone 
reservoir rock, the top of which is penetrated at a depth of from 
3,301 to 3,557 feet. The Cromwell sand is a member of the 
Dutcher series at the bottom of the Pennsylvanian. The upper 
part of this zone in many wells is a non-porous caprock of sandy 
limestone, usually thin, but in some cases as much as 30 feet in 
thickness.” The quartz grains of the caprock are moderately 
rounded, but vary so widely in amount that in some extreme cases 
the rock is a pure limestone with abundant fossil fragments, while 
in others it is a sandstone with a small amount of calcareous ce- 
ment. The thin sections examined were made from well cuttings 
of this caprock. 

The Cromwell pool occurs on a well marked dome. As may 


1 Presented before the Society of Economic Geologists, Cleveland Meeting, De- 
cember 30, 1927. 

2C. O. Rison and John R. Bunn, Petroleum Engineering in the Cromwell Oil 
Field. U.S. Bureau of Mines, 1924. 
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be noted on the accompanying map, Fig. 1, there are several 
“ structural highs ’’ and also a zone of definite faulting. The 
wells sampled are in the southern part of the field, the present 
area of oil production extending two miles north of the area 
contoured. 
MICROSCOPIC STUDY. 

The purpose of the study was to detect evidences of strain or 

fracture. Three such criteria proved effective, as follows: 
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Fic. 1. Calcite pressure twinning in caprock, Cromwell Field, Okla. 
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Pressure Twinning in Calcite—This feature is definitely more 
common in some sections than in others. On the map in Fig. 1 
are located all the wells from which samples of caprock were 
examined, with larger circles representing those wells in which 
pressure twinning is relatively abundant. This discloses a fairly 
definite distribution. Pressure twinning is common near the 
fault in Section 22. It is also abundant in another zone which 
is nearly parallel to the fault, but which runs along the syncline 
































Fic. 2. Portion of Cromwell Field, showing possible faults. 


between the “ structural high” in Section 16 and the one on the 
line between Sections 15 and 22. The contours shown in Fig. 1 
are drawn on the top of the Cromwell sand and are based upon 
well records. They do not show faulting along this zone. There 
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are, however two possibilities by way of explanation. In the 
first place, it is not unreasonable that this syncline, being a rather 
sharp trough, should be a zone of unusual strain. In the second 
place, it is possible, upon the basis of the original data, to draw 
two faults of slight throw, as shown in Fig. 2. The displacement 
of these faults is so small that either interpretation could be made 
from the elevations of the sand. 

Along the south line of Section 9 the abundance of pressure 
twinning in one well is explained by the sudden steep dip, as in- 
dicated by the close spacing of the contours. Such a condition 
may be either an abnormally steep dip, or a small break. 

Calcite Fractured and Recemented with Secondary Calcite — 
Fig. 3 shows the location of wells in which this criterion is rela- 
tively abundant. The close correspondence with Fig. 1 showing 
pressure twinning is notable. 
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he Presence of Secondary Pyrite—lIron in the form of limonite 
er is often noted in or near faults in regions of sedimentary rocks. 
id Secondary pyrite at depths may well be considered to have the 
Ww same significance. 

nt Fig. 4 shows the distribution of secondary pyrite in the cap- 
de rock of the Cromwell field. The same zones are emphasized as 
re 
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Fic. 4. Secondary pyrite in caprock, Cromwell Field, Okla. 
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with pressure twinning and fractured calcite. It is notable, how- 
ever, that secondary pyrite is more widely distributed, as if solu- 
tions were able to penetrate to considerable distances from the 
main fractures. 

In addition to the criteria described, wavy extinction in the 
quartz grains was considered. Although this is often present, 
its distribution is entirely irregular. It certainly originated in the 
previous form of rock from which the quartz grains were derived 
as sediment, and gives no evidence on the structural conditions 
of its present habitat. 


CONCLUSIONS. 


1. There is a strikingly similar distribution of the three cri- 
teria. This fact in itself proves their value. Since they are not 
dependent upon each other their correspondence points to a com- 
mon fundamental cause. 

2. The known fault is well indicated. 

3. The steep dip shown by the contours in the southern part 
of Section 9 indicate strain and are paralleled by the microscopic 
evidence. 

4. All criteria point to the syncline as a zone of unusual stress 
which may be explained as either bending or fracture. 

It is concluded, therefore, that in the Cromwell field pressure 
twinning in calcite, fractured and recemented calcite, and secon- 
dary pyrite are criteria of abnormal strain in the strata, and hence 
of those structural conditions which accompany such strain. 

This study indicates as strongly as can be expected from one 
case that petrographic criteria of faulting and other structural 
conditions are possible. In this case they are clear, and more 
cases would undoubtedly give criteria that could be widely ap- 
plied. 

This is of economic as well as scientific importance. Oil pools 
show relationships to faults, and a means of determining the 
proximity of faults would be valuable. 


UNIVERSITY OF PITTSBURGH, 
PITTSBURGH, PA. 
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SIMPLE METHODS FOR MAKING THIN SECTIONS. 


A. ALLEN WEYMOUTH. 


Rock slices can be made so quickly and simply that the geologist 
can, in twenty minutes after the desire for a thin section arises, 
be examining the slide that he himself has made. Problems, 
whose solution rests upon thin section evidence, may be under- 
taken at once without the delay of sending away a rock chip to be 
sliced. The purpose of this paper is to record the rapid methods 
of grinding rock slices devised and used by the writer and his 
former colleague, Mr. Aaron Waters, at the University of Wash- 
ington. 

The apparatus necessary for the preparation of a rock slice need 
not be complicated, and if necessary can be constructed for the 
most part by the preparator himself. Diamond saws and me- 
chanical section holders play no part in the following methods; 
they are designed primarily to give any professional or student 
petrographer a way in which he can quickly make his own sec- 
tions. To mining and petroleum companies the cost of the total 
apparatus including the microscope is negligible as compared with 
the saving in money and labor which could be made by a well- 
trained petrographer, with suitable equipment for the grinding of 
rock slices, as different ore bodies and horizons are reached. 


APPARATUS. 


The apparatus which is absolutely essential consists of : 

1. Two steel laps, 14 to 18 inches in diameter and mounted on 
separate tables. The motive power should be furnished by elec- 
tric motors. The speed of each lap should be approximately 
400 revolutions per minute. 

2. Coarse-grained carborundum, preferably 90 mesh, and fine, 
FFF carborundum. 
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3. A small electric hot plate or a steel plate mounted so that 
Bunsen burners may be placed under it. 
4. Glass slides, preferably 26 X 45 X1.8 mm. and cover 
glasses 22.5 X 22.5 mm. 
5. Tweezers to handle hot slides. 
. Two small corks. 


Ov 


. Petrographic microscope. 
. Stick Canada balsam. 

The stick Canada balsam referred to may be purchased but it 
has been found more satisfactory to prepare it as needed. Canada 
balsam in the liquid or natural form may be purchased from any 
scientific supply dealer. A clean, 6% inch porcelain evaporating 
dish is partly filled with liquid Canada balsam. The evaporating 
dish is then set in a one quart aluminum stew pan, which forms 
an efficient air bath. The pan is then placed on the steel plate 
and kept at a high temperature (heat of one Bunsen burner) for 
about half an hour. In this time the volatiles are usually driven 
off. The balsam should be tested frequently by pouring several 
drops into a cardboard box, chilling slightly and noting the type 
of fracture. Balsam that is hard enough to have conchoidal frac- 
ture at ordinary room temperature, even if it is slightly pliable, 
has been found the most satisfactory for general use. 

Well-cooked Canada balsam can be dented with the thumb 
nail, and will flow to conform to the shape of the vessel which 
contains it if left for a few hours. It is very important to have 
the balsam at just the right consistency. If it is overcooked it 
may be brought to the right consistency by adding a small amount 
of fresh liquid balsam and recooking. Overcooking causes the 
balsam to change color and eventually to become opaque. Well- 
cooked balsam has a clear yellow-amber color. 


On 


GRINDING PROCEDURE. 


With the proper preparation any type of rock, either consoli- 
dated or unconsolidated, may be ground down to a thickness of 
0.03 mm. Various substances and methods of impregnating 
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loosely consolidated or porous materials such as sandstones, tufts, 
palagonite, etc. have been recommended.* 

However, for ordinary work it has been found that good re- 
sults may be obtained by simpler methods. The material to be 
impregnated should be placed upon the hot plate. Small par- 
ticles of stick Canada balsam are placed upon the material. As 
more balsam is added the violent bubbling due to the exclusion 
of air will stop and the balsam will be absorbed. The piece is 
then set aside to cool until hard. The impregnation should be 
carried on at a fairly low temperature so as not to burn the 
balsam. This takes about three minutes. 





Fic. 1. View of laps. Purchased machine at leit; home-made machine 
at right. 


Two revolving, horizontal steel laps have been found essen- 
tial to efficient grinding. These laps may be from 14 to 18 
inches in diameter and are belt driven by electric motors. Some 
method for controlling the speed of each motor is desirable. 

1 Ross, C. S., “ Preparation of Sedimentary Materials for Study,” Econ. GEot., 
vol. 21, p. 454, 1926. Johannsen, Albert, “‘ Manual of Petrographic Methods,” 2d 


Edit., pp. 599-604, 1918, McGraw-Hill Co. Holmes, Arthur, “ Petrographic Meth. 
ods and Calculations,” pp. 231-249, 1921, Thomas Murby and Co., London. 
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The laps should be placed on separate stands or tables (Fig. 1) 
which have a raised edge so as to prevent the scattering of the 
abrasive and water. One lap is designated for use with the coarse 
and the other with the fine carborundum. The abrasive paste is 
placed or painted on the lap with a small brush as needed. 

The first step is to flatten the chips on one side by grinding 
with coarse carborundum. If the chip is thick the other side 
should be flattened also until it is about % inch thick. The chip 
is then thoroughly washed. After this, one side is polished with 
fine abrasive, washed, and dried. After drying the chip is heated 
and its polished surface is covered with a thin veneer of stick 
balsam. A glass slide is then heated and one surface is also 
given a thin coating of stick balsam. The rock chip is then placed 
on the slide so that the balsamed surfaces are together ; put on the 
hot plate until the balsam is mobile; taken from the hot plate and 
laid on a flat surface, where a slight pressure is then exerted on 
the upper surface of the chip so that all the air bubbles are driven 
out. The slide is allowed to stand until the balsam hardens, or 
if time presses, the balsam is hardened by placing the slide in 
cool water. 

The chip is then ready for further grinding. The coarse car- 
borundum is first used and with a little care and practice the sec- 
tion can be ground down so that the rock slice is transparent, and 
if viewed under the petrographic microscope the quartz will show 
second or third order interference colors. Care should be taken 
not to press the section upon the lap too hard, and to keep the 
grinding surface of the slice horizontal, else it will become wedge- 
shaped. The abrasive paste should be mixed with water so that 
it is rather liquid. 

The section is next thoroughly washed and the grinding con- 
tinued with fine abrasive. The carborundum should be mixed 
with water until a thin paste results. When the first order inter- 
ference colors show, corks should be cemented with Canada 
balsam to both ends of the glass slide on the side opposite from 
the rock slice (Fig. 2). These corks allow the preparator to 
hoid the section more steadily and in the central portion of the 
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lap. The corks have the further advantage of giving a little lee- 
way in case the lap is uneven or the motion not regular. At this 
stage of the grinding great care must be exercised to keep the lap 
free from coarse grains of quartz, etc. which may be torn from 
the section. Such grains scratch and gouge the section. 





Fic. 2. Showing arrangement of corks on slide. 


During this final grinding the section should be examined fre- 
quently with the petrographic microscope to notice the thickness, 
and to see that the section is not becoming wedge-shaped. With 
some practice the preparator can roughly judge these things by 
holding the section to the light and by the “ feel’ as the fingers 
are rubbed over it. 


COMPLETION OF SLIDE, 


After the rock slice has been ground down to thinness it must 
be completed by placing a cover glass upon it. Several methods 
have been adopted and are used with different types of rock. 

I. Method used for well consolidated, homogeneous material 
such as obsidian, or greenstone. 

In this and Methods 2 and 3 the excess Canada balsam is first 
removed from around the rock slice with a safety razor blade. 


This removal is facilitated by chilling the balsam with cold water. 
22 
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A few drops of melted stick balsam are then poured upon the 
rock slice and a warm cover glass placed upon it. The slide 
should be slightly warmed on the hot plate and the cover glass 
pressed down with two small sticks (ordinary match sticks) so 
that no air bubbles are noticeable. 

2. Method used for fine grained basalts, granites, etc. 

The rock slice is coated with xylol and is quickly followed by 
several drops of liquid stick Canada balsam. <A hot cover glass 
is immediately pressed down on the rock slice with two sticks. 
This method requires a great deal of speed and is best done by 
two persons. 

3. Method used for unconsolidated and porous material such 
as vesicular basalts, sandstones, clays, etc. 

Several drops of a mixture of warm stick balsam and xylol, 
in the proportion I part xylol to 4 or 5 parts balsam, is poured 
on the rock slice. A warm cover glass is then placed on the mix- 
ture, the air and surplus mixture being excluded by pressure. The 
surplus mixture which collects around the outer edges of the 
cover glass is removed by chilling and cutting away with a safety 
razor blade. The section is then set aside for several days to 
allow the xylol to evaporate and the balsam to harden. How- 
ever, if it is necessary the section may be used immediately. 

In methods 1 and 2 the surplus balsam may be removed from 
around the cover glass by chilling and chipping it away with a 
razor blade. ‘The last and final cleaning in all three methods is 
done by polishing with a rag saturated with xylol. 

The finished section may be labeled with gummed paper, by 
scratching with a hard pointed stylus or by daubing one end of 
the glass slide with a quick drying white paint upon which nota- 
tions may be written. 

If a number of sections are to be ground a great saving of 
time will be realized by completing each operation for all of the 
chips. Thus all of the chips should be flattened, then all should 
be polished with fine carborundum, and cemented on glass slides, 
etc. 

Often it is found necessary to transfer the finished rock slice 
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from one glass slide to another. Several methods are recom- 
mended by Johannsen.* These methods have proven too detailed 
for rapid work and a simpler method is proposed. It has been 
found inadvisable to attempt the transfer of any rock slice in 
which there is no natural cementing material and the binder is 
Canada balsam. 

The cover glass of any thin section is easily removed by first 
covering it with molten stick balsam, then gently heating it on 
the hot plate, and lifting it off at the same time with a fine wire 
and tweezers. If the rock slice is not completely covered with 
the balsam after the cover glass has been removed, more should 
be added. A clean slide is then coated with liquid stick balsam. 
The balsam on both slides must be kept liquid by heating. When 
the rock slice is movable the old and new slides are brought to- 
gether so that one edge of the old slide is touching the balsamed 
surface of the new slide. The rock slice is then gently shoved 
onto the new slide with a heated wire and a cover glass placed 
on it. 

In using these methods with such personal variations as may 
be found by experience, the workers in petrography at the Uni- 
versity of Washington have found that good thin sections of 
homogeneous or well consolidated material may be made in 15 
minutes. With other rock types it takes from 20 to 40 minutes 
to complete the thin section. It is the opinion of the members 
of the petrography department at this school that megascopic ex- 
amination should only be supplementary to the examination by 
thin section, for while one is arguing and pondering over the 
rock type and name megascopically, a thin section can be com- 
pleted. 

It has been found that these methods may also be well adapted 
for use by the zoologist, biologist and paleontologist as it is fre- 
quently of value to study the texture and structure of bones, mol- 
luscan remains, and fossil wood, in transparent sections with 
polarized light. 


21918. Johannsen, Albert, “ Manual of Petrographic Methods,” 2d Edit., pp. 
398-599. McGraw-Hill Co. 
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The writer wishes to thank Prof. G. E. Goodspeed and Mr. 
C. W. Flagler for the many helpful suggestions and assistance 
in the methods used for the preparation of thin sections and in 
the writing of this article. To Mr. R. E. Fuller the writer is 
especially indebted for the photographs which accompany this 
article. 


UNIVERSITY OF WASHINGTON, 
SEATTLE, WASH. 


EDITORIAL 


WHAT OF OUR FUTURE OIL SUPPLY? 


THE year 1927 once more registered a phenomenal increase in 
the domestic production of crude oil. The total for the year 
amounted to almost 900,000,000 barrels, or close to 9 per cent. 
of all the oil produced to date in this country. In 1903 our 
annual production for the first time exceeded 100,000,000 bar- 
rels. Since that time each year has shown a progressive increase, 
with two exceptions—1906 and 1925, and the recessions of these 
years was of slight consequence. The past year’s production 
exceeded that of the preceding year by 128,000,000 barrels. In 
other words, the excess of last year was more than the total 
output of 125,500,000 in 1906. It is thought that enough oil 
is now in sight to permit of a further increase in 1928, provided 
the economic situation justifies producing it. This phenomenal 
and sustained increase has nonplussed both the industry and the 
public, and during the past year resulted in an overproduction 
which created an acute demoralization and financial loss to nearly 
everybody concerned, except possibly to the consumer of fuel 
and refined products. 

The mounting annual production of recent years has reached 
such dizzy heights as to lead to a somewhat nervous speculation 
as to how much longer it can be continued. At intervals warn- 
ings have issued from various quarters of the approaching ex- 
haustion of our domestic supply, and recurrent estimates of our 
remaining reserves have been attempted. Each of these estimates 
has during succeeding years proven to be too conservative. The 
last one, sponsored by the American Petroleum Institute, while it 
is reassuring as to the future, and contains much sound logic, is 
based upon so many generalities and uncertainties, that it is incon- 
clusive and falls short of being convincing, at least to many 
geologists. 

The truth of the matter seems to be that we have never at any 
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particular time in the past been in possession of sufficient detailed 
geologic information regarding our potential and untested oil- 
producing provinces to justify more than a very hazy and in- 
definite estimate of their future possibilities. Any estimate that 
fails to stress this point falls short of the demands of clear think- 
ing and is subject to criticism. It is possible to reach a reason- 
able approximation of the future yield of developed, or even 
partially developed horizons, but as to untested areas, it should 
be recognized that any estimates are at best merely unsatisfactory 
guesses. 

We have constantly expanded, and are continuing to expand, 
our knowledge in both the vertical and horizontal dimension; 
and this expanding knowledge makes possible a more effective 
and rapid development of our oil resources. Drilling technique 
and equipment has enabled us year by year to explore deeper 
horizons; and extended wildcatting in new sedimentary areas 
has brought to light unexpected sources of supply. In California 
and Oklahoma deeper drilling has of late discovered notable 
new reserves; and exploration of the South Plains has yielded 
the Panhandle and West Texas oil fields. These events, though 
they might have been dimly foreseen, could not have been evalu- 
ated with any accuracy in advance of actual accomplishment. 

It has been the history of the oil industry in the United States 
that it has constantly spread its frontiers to new territory. Be- 
ginning in the Appalachians, it spread to Ohio and Indiana; to 
Illinois; thence in succession to Oklahoma, Kansas, Texas, Lou- 
isiana and Arkansas. On the Pacific Coast, California has had 
an independent development dating back almost to the close of 
the Civil War; and the Rocky Mountain district has had a spo- 
radic development beginning with the discovery of the Florence 
field in 1887. How much longer can this expansion to new 
territory be expected to continue? 

Looked at from this angle, most geologists will agree that the 
ultimate limits for the discovery of new bonanza fields has about 
been reached. They will no doubt agree also that when Okla- 
homa, Texas and California have done their utmost, the day of 
declining production will have been finally reached. Undoubt- 
edly other major pools remain to be discovered within these and 
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other states. The newly discovered salt domes of the Gulf 
Coast; deeper horizons in the Permian formations of West 
Texas, and in the underlying Pennsylvanian; deeper horizons in 
California; the Wilcox sand of Oklahoma and Kansas; and pos- 
sibly the inner salt domes and obscure structures of East Texas 
and Louisiana, may be expected to sustain production for a few 
years into the future. But beyond these areas, there is apparently 
scant possibility of major producing districts in virgin territory 
within the United States. 

Our oil resources are a finite quantity. At some indeterminate 
date, a peak will be reached, and thenceforward we will be obliged 
to make the most of a declining domestic production. If the co- 
operative control which has been evidenced in some quarters 
during the past year, should gain headway, it is possible that 
the ultimate peak may be reached in the near future. Mexico, 
which has produced close to one and one-half billion barrels, has 
yielded the palm to Venezuela as our auxiliary source of foreign 
oil. The possibilities of the latter country are expanding by 
leaps and bounds, and its ultimate potentialities are as yet only 
imperfectly known. There will be no acute shortage of oil for 
some years to come. But the bonanza stage of huge profits in 
the oil industry is rapidly passing, and it must accommodate itself 
to lessening profits and a more stable economic administration 
than that to which it has been accustomed in the past. 

The writer is not prone to “ view with alarm ” the approach of 
the inevitable day of declining production. There will be periods 
of minor readjustment, but no real disaster. Quantities of oil 
remain to be produced by better methods of recovery from old 
fields; oil shales and retorting or pulverization of coal will yield 
their quota of fuel when the day of real need arrives; and last, 
but not least, there is the field of synthetic chemistry, which 
needs but to perfect a technique for combining two of the most 
abundant elements in nature to give us an approximate equivalent 
of the fuels which we are now accustomed to secure from oil. 
There is the further thought also that before the necessity for 
synthetic fuel has arrived, we may possibly have discovered other 
sources of power of which we little dream at the present moment. 


W. E. WratHer. 
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PREPARATION OF SEDIMENTARY MATERIALS FOR 
STUDY. 


Sir: When methylene iodide and bromoform are used as heavy 
solutions for the separation of minerals a solvent must commonly 
be added to dilute them so that the correct specific gravity may 
be secured. Heretofore carbon-tetrachloride or some similar sol- 
vent has been used. Recent experiments in the petrologic labora- 
tory of the United States Geological Survey have shown that 
acetone has many advantages over other solvents. Acetone is 
completely soluble in both methylene iodide and bromoform but, 
unlike carbon-tetrachloride, ether, xylol, etc., it is also completely 
soluble in water. For this reason the pure undiluted methylene 
iodide or bromoform can be recovered by shaking with water and 
washing out the acetone as described in a previous paper in this 
journal.* When acetone is used to dilute methylene iodide instead 
of bromoform a much smaller amount of solution is secured, but 
full strength methylene iodide can be recovered from the acetone- 
methylene iodide solution but not from the bromoform-methylene 
iodide solution. Acetone also has an advantage since the solutions 
do not become dark, as when carbon-tetrachloride is used. The 
only disadvantage observed is a slight tendency for flocculation 
where very fine powders are used with bromoform and acetone. 

CLARENCE S. Ross. 
Unitep States GEOLOGICAL SURVEY, 
WasuinctTon, D. C. 
1 Ross, Clarence S., “ Methods of Preparation of Sedimentary Materials for 


Study,” Econ. Grot., vol. 21, pp. 454-468, 1926. 
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THE LINEAR FORCE OF GROWING CRYSTALS. 


“cc 


In his original paper “ A discussion of Metasomatism and the 
Linear Force of Growing Crystals” Dr. H. C. Boydell failed to 
distinguish between the view advocated by me “ that pressure due 
to crystal growth is a factor in geologic processes’ and the views 
advocated by certain other geologists. He listed me as one of 
the chief protagonists of the hypothesis that “ the linear force of 
crystallization” is an important factor in geologic processes, al- 
though I have consistently opposed this view. In the body of 
his paper he quoted from my articles and argued against the views 
that I have expressed, and it was for this reason that I discussed 
it. In his recent reply ° he states that “linear force” and “ vol- 
ume force.” were confused by me and objects because I did not 
even “ mention linear force or pressure.” I protest that my views 
have been misrepresented and also protest against attempts to 
place me in the false position of defending the theory that “the 
linear force of growing crystals” is of importance. 

The expression “ linear force of growing crystals ” was intro- 
duced by Becker and Day.* It has been interpreted to mean that 
growing crystals exert pressure because of their tendency to de- 
velop crystal faces. In one of my first papers dealing with the 
pressure effects of growing crystals I stated :—‘ While the forces 
that control the development of crystal faces may enable a grow- 
ing crystal to exert a linear force that is greater in some direc- 
tions than in others, ‘this crystallizing force’ is probably small. 
This force was not quantitatively determined by Becker and Day, 
and it is doubtful if it can be directly determined.” I suggested 
“that the intensity of the ‘crystallizing force’ for a crystal of 
any substance under given conditions might be estimated after 
experimentally determining the relative solubilities under varying 
pressures in different directions.” * 


, 


1 Taber, Stephen, “ Metasomatism and the Pressure of Growing Crystals,” 
Econ. GEOL., vol. 21, pp. 717-727, 1926. 

2 Boydell, H. C., Ecox. Geor., No. 2, March-April, pp. 214-217, 1928. 

3 Becker, G. F., and Day, A. L., “ The Linear Force of Growing Crystals,” 
Proc. Washington Acad. Sci., vol. 7, pp. 283-288, 1905. 

4 Taber, Stephen, “ The Growth of Crystals under External Pressure,” Am. 
Jour. Sci., (4), vol. 41, p. 354, 1916. 
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In a later paper I wrote that :—* Most of the phenomena hith- 
erto cited in support of the hypothesis that there is a * linear force 
of crystallization * are to be explained by the fact that the growing 
crystals have been in contact with a supersaturated solution in 
only one direction or that the concentration of the solution has 
been greater in one direction than in others.” ° 

I have repeatedly argued that the pressure resulting from crys- 
tal growth is transmitted through a thin film of solution which is 
in contact with the crystal and is not expelled from extremely 
small capillary spaces. 

I would suggest that the original papers be consulted by those 
interested in the subject so that they may form their own con- 
clusions regarding the other points raised. 


STEPHEN TABER. 


University oF SouTtH CAROLINA, 
Cotumpsia, S. C. 


5 Taber, Stephen, “ Pressure Phenomena Accompanying the Growth of 
Crystals,” Proc. Nat. Acad. Sc1., vol. 3, p. 302, 1917. 
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The Tertiary Mineralization of the Northern Black Hills. By Joseru 
P. Connotity. South Dakota School of Mines, Bulletin 15, Rapid 
City, South Dakota. 130 pp., 19 plates, 14 text-figures. 

The recent bulletin by Dr. Joseph P. Connolly is a worthy addition to 
the already impressive group of publications dealing with the ores of the 
Black Hills of South Dakota. It is the product of six seasons of work, 
supplemented by laboratory investigations. The bulletin is particularly 
noteworthy for the effective way in which the microscope and metal- 
lurgical tests are used to obtain evidence bearing on geological problems. 

The scope of the paper is broader than might be expected from the 
title, for in order to exclude the Homestake ore body from the Tertiary 
group, the author has felt it necessary to enter the controversy concern- 
ing the age of this famous deposit, and consequently devotes about one 
third of his pages to this problem. If criticism is deserved for such ap- 
parent diversion, it should be directed against the title rather than the 
subject matter, for any discussion of the ores of the Black Hills that con- 
fines itself exclusively to a particular type misses one of the most instruc- 
tive features the region has to offer, viz., the contrast between gold de- 
posits occurring in close proximity but in rocks of very different character 
and age. 

As most readers may recall, the Homestake ore bodies have been ably 
demonstrated by Sidney Paige? and by J. O. Hosted and L. B. Wright? 
to be replacements of a well defined member of the thick series of folded 
and metamorphosed pre-Cambrian sediments. The remarkable localiza- 
tion of mineralization near one horizon has been attributed to the presence 
of abundant carbonate (iron-bearing dolomite) in the ore-bearing beds. 
Unfortunately, opinions differ between these writers concerning the age 
of mineralization. Mr. Paige believes the ore minerals and the gold to 
have been introduced in pre-Cambrian time at a late stage in the meta- 
morphism of the region, whereas Messrs. Hosted and Wright consider it 
followed the intrusion of rhyolite and quartz porphyry in the early Ter- 


1“ Geology of the Homestake Mine.” Econ. Grot., vol. 18. p. 205, April—May, 
1923. “Geology of the Region around Lead, S. D.” U. S. G. S. Bull. 765, 1924. 

2“ Geology of the Homestake Orebodies and the Lead Area of South Dakota,” 
Eng. and Min. Jour., vol. 115, p. 793 and p. 837. May. 1923. 
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tiary to which the siliceous ores in the overlying Cambrian dolomite are 
definitely assigned. 

Dr. Connolly contributes new descriptions of ores of both types that 
serve to emphasize the notable contrasts between them, and is led definitely 
to the opinion that the gold in the Homestake deposit is of pre-Cambrian 
age. He is thus in agreement with Mr. Paige's major conclusion, though 
certain observations force him to disagree with some statements made by 
that author. 

Dr. Connolly finds that much of the Homestake carbonate is clearly of 
replacement origin and, therefore, is not all original sedimentary material. 
From personal observation, I believe that the prominent carbonate in the 
ore is largely due to ankerite introduced with quartz as an essential part 
of the mineralizing processes. 

In discussing the occurrence of quartz in the Homestake ore body, Dr. 
Connolly is perhaps a little too conservative. He recognizes only two 
stages of quartz, an early, crushed and granulated material and a later 
introduced quartz, not crushed or strained, and is unable to agree with 
the conclusion of A. B. Yates * that quartz of four distinct ages and origins 
can be recognized. I am inclined to support Mr. Yates’ view that both 
original sandy quartz and small cross-cutting bodies of quartz introduced 
before the metamorphism of the sediments can be distinguished, as well 
as the abundant later quartz that appears in prominent lenticular veins, 
saddles and irregular masses introduced in pre-Cambrian time but later 
than the intense alteration of the region. The importance of this last 
type of quartz in the genesis of the ore body has not yet received the 
emphasis it deserves. 

Dr. Connolly is less impressed than is Mr. Paige with the evidence of 
crushing of the sulphides by dynamic metamorphism. He describes the 
arsenopyrite as cracked, but attributes the apparent sheared nature of the 
pyrrhotite to its development along preéxisting planes of schistosity in the 
rock, from which he concludes that the metamorphism and folding pre- 
ceded the introduction of the ore, though it may have continued for a 
short time during mineralization. I am willing to go a little farther and 
to accept the evidence as indicative of ore deposition entirely later than 
the period of intense regional metamorphism. 

By concentration tests and by study of polished surfaces, Dr. Connolly 
proves that arsenopyrite is the sulphide with which the gold is most 
closely associated; it occurs most commonly in small irregular grains or 
groups of grains or as fine veinlets within arsenopyrite, and this rela- 
tionship is well illustrated in three excellent microphotographs. Gold in 


3 “The Occurrence of Quartz in the Homestake Mine,” The Black Hills Engi: 
ncer, vol. 14, p. 167, 1926. 
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similar form in other sulphides was observed but not in similar abundance. 
Dr. Connolly’s conclusions are well supported by assay maps which show 
high gold content in ground where arsenopyrite is abundant. Except 
possibly for greater emphasis on the importance of coarser gold associated 
with gangue minerals, particularly chlorite, the relations stated by Dr. 
Connolly are supported by my own observations. 

The recognition for the first time of chalcopyrite in minute grains as 
a common constituent of the Homestake ores is of considerable signifi- 
cance, because its occurrence is very similar to that described for gold in 
previous publications dealing with relations observed on polished surfaces. 
The associations shown for gold in Bulletin 765 of the U. S. Geological 
Survey naturally justify the expectation that the richest ore would be 
found where pyrrhotite is most abundant. Sampling of such ground, 
however, nearly always was disappointing. The detection of chalcopyrite 
in small grains, most commonly associated with pyrrhotite, appears to 
explain the discrepancy. It is hoped that the apparent error which Dr. 
Connolly has corrected will not create prejudice against the use of the 
microscope in problems of mining geology. It should, however, show the 
need for greater accuracy in the identification of minerals on polished 
sur faces. 

After a section devoted to ores of undisputed Tertiary age, Dr. Con- 
nolly summarizes the evidence supporting his contention that the Home- 
stake ore body was formed in pre-Cambrian time. I am in entire agree- 
ment with him that the arguments lead logically to that conclusion. The 
paper might have been more convincing, however, if the previous argu- 
ments for Tertiary age were more definitely considered and answered. 
Among them, the most impressive is the coincidence of the axis of the 
ore bodies with a zone of Tertiary rhyolite dikes, and the gradual decrease 
in grade of ore with distance from the dikes. This relationship has been 
well demonstrated by Mr. L. B. Wright, Chief Geologist of the Home- 
stake Mining Company, and as it is the concrete type of evidence most 
likely to be considered conclusive around a mine, more attention perhaps 
might be given it. In my own opinion, the coincidence of ore and dikes 
can be attributed to structural features that controlled both the mineraliz- 
ing fluids and the later igneous intrusions, and consequently I can readily 
accept Dr. Connolly’s conclusions without reservation, though others, more 
impressed with the arguments for Tertiary age, may demand still more 
complete demonstration. 

The major portion of the bulletin, which deals with ores of undisputed 
Tertiary age, is concerned with matters involving less controversy. A 
number of deposits—the Portland district of the Bald Mt. area, the gold- 

4“ The Relation of the Tertiary Rhyolites to Mineralization in the Homestake 
Mine,” The Black Hills Engineer, vol. 14, p. 165, 1926. 
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tungsten ores near Lead, and the lead-silver deposits in the Galena Dis- 
trict—are described in detail. On the whole, Dr. Connolly is in close 
agreement with J. D. Irving’s well known work on the Tertiary ores of 
the Black Hills,> and his recent results effectively supplement the earlier 
studies with further details and examples. New evidence concerning the 
difference in trend of fracture systems in the upper and lower ore-bearing 
horizons is brought out, and new ideas are contributed concerning the 
mineral associations of the gold that are worthy of serious consideration 
by metallurgists who are interested in the problem of treating the refrac- 
tory siliceous gold ores of this region. 

The elongation of ore bodies along fractures or groups of fractures, 
along which the ore-forming solutions penetrated the rock, is emphasized 
as a feature of great importance in prospecting. It is pointed out that 
the parallelism between the fractures (or “verticals’’) in the lower ore- 
bearing horizon and the strike of the schistosity of the pre-Cambrian 
rocks immediately below does not hold in the ores at the upper horizon, 
about 500 ft. higher. Here, the dominant fractures show no relation to 
the prevailing structure of the basement rocks, and are believed to have 
been formed in response to stresses caused by the intrusion of thick sills 
of rhyolite. 

Judgment of the possibilities for ore at the lower horizon beneath areas 
in which gold has been deposited in the upper beds involves careful con- 
sideration of the nature and persistence of the feeding channelways, and 
the proper approach to the problem is by investigation of causes of the 
fracturing. 

From observation of many samples under the microscope, and from 
separation of material of various specific gravities and sizes by settling, 
Dr. Connolly demonstrates that the greater part of the gold is associated 
with exceedingly fine-grained pyrite, generally held in a tight matrix of 
very fine-grained quartz, and that only a relatively minor part (probably 
not over a third) of the gold is associated with the coarser pyrite, promi- 
nent in small idiomorphic grains when examined under the microscope. 
The difficulty of recovering the gold from these ores is well known. 
Reasonable recovery of gold can be secured from the oxidized ore by 
simple treatment, but no process for working the unoxidized material has 
yet succeeded on a commercial scale, except smelting, which was, of course, 
applicable only to the rich ore now exhausted. Dr. Connolly’s results 
suggest that the problem is simply mechanical. The gold is exceedingly 
fine and locked in quartz with minute grains of pyrite. It can be 
liberated by fine grinding but not by grinding within the range of 
commercial operations. It is suggested, and the suggestion is backed by 

5“ Economic Resources of the Northern Black Hills,” U. S. G. S. Prof. Paper 
No. 26 (1904), and other papers. 
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- 


experimental results, that sudden chilling of heated ore may, by shattering 


: the quartz, produce the desired result. If the idea is correct, it is a hope- 
, ful line for metallurgical experimentation, for it gives promise of simpler 
: development than other plans that have been proposed. 

E The bulletin is well worth attention of all geologists interested in ores 
B of the Black Hills, and of all students who are seeking examples of effec- 
3 tive combination of results secured by a variety of methods. 

‘ D. H. McLaucuiin. 
MrininG Laporatory, 

HarvarD UNIVERSITY, 

Ss CAMBRIDGE, Mass. 

cd 

at 

ie Bulletin of the Institute of Practical Geophysics of the Supreme Council 
- of Public Economy, Leningrad, U. S. S. R. Vol. 1, 1925, 279 pages. 
n, (In Russian except for some abstracts in English.) 

» J. Banurin, Obituary of W. Bauman, pages 3-6. 

- D. Musuxetov, The Organization and Purposes of the Institute of Prac- 

tical Geophysics, pages 7-18. 

as J. Banurin, The Magnetic Field of a Magnetized Ellipsoid from the 
n- Point of View of Magnetometric Studies (with abstract in English), 
nd pages 19-36. 

he The writer used ellipsoids and infinitely long elliptical cylinders as ap- 

proximations to the shape of ore bodies having a regular shape, studied 

-™ the formulz, and constructed an atlas of the magnetic fields for the more 
1S: common types of ore bodies. He also obtained a solution of the ques- 
tion of the practical determination of the intensity of the magnetization 
' of a three axil ellipsoid under the influence of the terrestrial magnetic 
ay field. 

mi- 

pe. J. Banurin, The Activity of the Magnetic Department of the I. P. G. in 
yn. the Summer of 1924 (with abstract in English), pp. 37-56. 

by The determinations of all three magnetic elements were made at some 
has 6,000 stations by means of the Thalen-Tiberg magnetometer and at some 
rse, 600 stations by means of a De Colongs deflector in an apparently very 
ults successful attempt to map the northward extension of the magnetic ore 
gly from the Krivoj Rog district. 

“4 L. BocoyavLEnsky, On the Principles of Radiometric Surveying and its 
| by Applications (with abstract in English), pp. 57 
at The author discusses the kinds of terrestrial radiations capable of ion- 


izing air, the methods of measuring them, the methods of making radio- 
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metric surveys, and comes to the following conclusion that the method 
can be applied to the exploration of: (1) Natural gases containing radio- 
active emanations and sometimes gases containing helium; (2) deposits 
of monazite sands; (3) deposits of gold and platinum bearing sands also 
containing monazite sands; (4) subterranean radioactive waters; (5) de- 
posits of uranium and thorium ores; (6) deposits of oil; (7) all ore de- 
posits in general which differ in their physical character from the rock 
containing them. The author records the successful use of the method 
in mapping mineral waters in 1921 at the health resort of Bielokouriha in 
the Northern Altai and in 1923 at the Piatigorsk group of mineral springs. 


L. Bocoyaviensxy, A Concise Survey of the Radiometric Explorations 

of the I. P. G. in 1924 (with abstract in English), pp. 69-72. 

The author reports the results of two surveys, the one of a local area in 
the Piatigorsk group of mineral springs and the other of the Maikop oil 
field. The tension of the penetrating radiation was found to increase 
considerably over deposits of light and of heavy oil in the upper horizons 
of the oil field. 


A. Perrowsk1, The Theory of Earth Current Measurement (with ab- 
stract in English), pp. 73-86. 
This paper deals particularly with the pattern of the lines of force and 
the equipotential surfaces when the receiving electrode is spherical. 


A. Petrowski, The Natural Electric Field Produced by Ore (with ab- 
stract in English), pp. 87-106. 


This paper deals with the theoretic electric profile produced by ore of 
spherical shape polarized by the cosine law. 


A. Petrowski, Electrometric Methods in Ore Prospecting and Experi- 
mental Methods Investigations at Ridders Mine during the Summer of 
1924 (with abstract in English), pp. 107-134. 

The experimental work at Ridder’s Mine in the Altai consisted of 
measurements of natural earth currents and of artificial D. C. earth cur- 
rents. A dot system of placing the electrodes was devised that seemed 
to have practical advantages over the “point” and “line” systems of 
Schlumberger and Lundberg. Two innovations of the work were a 
method of change of electrodes which allowed the exclusion of the 
remnant electromotive force of the electrodes, and additional resistance 
method. The results were in accord with the results of the geologic 
prospecting. 
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A. Petrowsky, Radio in Ore Prospecting (with abstract in English), pp. 

135-152. 

The paper gives a theoretic discussion of the five general possible types 
of methods: the shade method, the beam or refiection method, the inter- 
ference method based on the interference of waves travelling hv different 
paths, the return or one fourth wave length method, the wave measure- 
ment method. His conclusions are that the practical application of the 
methods are closely connected with the careful choice of wave length and 
that seemingly the short wave lengths are the most convenient. 


P. NixtForov, Physical Principles of the Gravitational Method of Pros- 

pecting (with abstract in English), pp. 153-255. 

Although the English abstract is detailed for an abstract, it is so con- 
cise that the argument can not be followed in many places. The paper 
appears, however, to be one of the more important papers that have been 
published on the E6tv6s torsion balance method. The paper is apparently 
a well rounded fundamental paper on the theory of the torsion balance, 
its application, and the mathematical interpretation of torsion balance 
surveys, and as such repeats a great deal that has been published over 
and over again, but gives a great deal that is new. An important innova- 
tion is the substitution of the photographic registration of the undamped 
oscillation of the balance beam and the indirect determination of the point 
of equilibrium in place of the direct determination of the point of rest of 
a damped balance beam. In connection with the calibration of the instru- 
ment, Nikiforov recommends the photographic determination of the period 
of the balance beam, and a simpler and more accurate method of the de- 
termination of the torsion constant of the torsion wires. He apparently 
goes in considerable detail into the question of the terrane correction and 
has derived a new and more flexible set of terrane correction formule. 
He goes in considerable detail into the problem of the type of gradient 
and differential curvature profiles produced by different bodies and into 
the inverse problem of the determination of the body producing a given 
gradient or differential curvature profile, and gives formule for the deter- 
mination of certain simple geometrical types of bodies. He recognizes 
that mathematically, in general, there is a mathematically infinite series 
of bodies that may have produced a given set of gradient and differential 
curvature values but that practically, only a few of the imaginarily pos- 
sible cases may be actually possible, and those few may nearly coincide. 
Nikiforov would seem apparently to rank well up among the world 
masters of the Eotvés torsion balance method. It is unfortunate that 
nearly all of his papers are in Russian and that the English abstract of 
this paper is not detailed enough to allow his argument to be followed. 
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I. TCHEREPENNIKOv, Some Determinations of Radioactivity of Natural 
Gases in the Region of Baku, pp. 277-278; K. Proxorov, On Gases of 
Mud Volcanoes, pp. 279-281 (wholly in Russian). 


This most interesting bulletin probably contains nearly one half of the 
number of pages that were published in 1925 that were really contribu- 
tions to the science of applied geophysics rather than rehashed statements 
or compilations of earlier papers. The contributions of this bulletin com- 
bine the results of interesting field studies with the results of interesting 
theoretical studies, or at least so the abstracts seem to indicate. It is un- 
fortunate that interesting original contributions to the general theory of 
a science can not be printed at least in parallel columns of Russian and 
Fenglish, French, or German. The abstracts are merely long enough anid 
complete enough to tantalize one with the thought of how interesting the 
article would be if one could only read it. It is interesting to notice the 
amount and variety of the geophysical work that was being done in Russia 
in 1925, when the applied geophysical methods were just getting a good 
start in America. It may be on account of the communistic-socialistic 
constitution of Russian society, but all the work by state or federal insti- 
tutions in America in 1928 will probably be only small in comparison to 
the work of the Institute of Practical Geophysics of Russia in 1925, and 
although the amount of research that was done in America by some four 
or five oil, mining, and consulting geophysical companies during 1927 
was probably more than was done in Russia in 1925, the amount of the 
contribution to the general knowledge rather than merely to the individual 
and company knowledge has been negligible in 1927 in America, in con- 
trast to the contribution in this bulletin published in 1925. 


Donatp C. Barton. 
Hovuston, TExas. 


Mineral Valuation. By Henry Louis. 281 pages including index, 15 
illustrations. Charles Griffen and Company, London, 1923. 


The reader is introduced to the fundamental thesis of the book on the 
first page of the preface through the following words “. . . the cardinal 
fact that all mineral valuations must be based upon an estimate of proba- 
bilities, never of certainties, and that in strict accordance with the laws 
of probability, every now and then cases will occur in which the result 
will depart more or less widely from that which the known data would 
indicate as the most probable.” This does not mean that the author con- 
siders that mineral valuations are unusually unreliable but that they call 
for the exercise of all possible caution and the realization that the figure 
arrived at is only more probable than any other figure. 
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1 The author iollows a simple morphological classification of ore deposits 
yf into beds, veins, and masses, and discusses some of the elementary facts 
concerning them. He then presents the data for valuation, chiefly of 
course, the quantity of mineral present and the probable rate of exhaus- 


is: tion of that mineral, pointing out that there is a definite rate of exhaustion 
& for each individual deposit that will yield the maximum profit; and dis- 
ts cusses methods of sampling and the results attained. All of these topics 
as. are treated fully and well. 
is The above discussions are followed by forty-two pages on formulae 
n- and calculations and the whole is then welded together by illustrative 
of examples in which the conditions are arbitrarily set forth and the process 
id of valuation traced out. The final chapter deals with valuation for special 
ad purposes such as loans and investments, and sets forth some points which, 
he if they were more generally recognized by the public, would reduce the ill 
he repute of mining investments. 
sia WILLIAM AGAR. 
od YALE UNIVERSITY. 
tic 
ti- The Nature, Origin and Interpretation of the Etch Figures of Crystals. 
to By ArtHurR P. Honess. Pp. 179. John Wiley & Sons, New York, 
nd 1927. Price, $3.50. 
yu A type of investigation once much in vogue has been revived by the 
27 author, who adds to the technique and determination of crystals and sym- 
the metry by means of etch figures produced by the application of simple 
ual reagents. Chapter II. describes the methods employed, the reagents used, 
on- and methods of photographing. Chapter III. deals with the etch figures, 
their growth, habits, and interpretation. Anomalous etch figures are con- 
: sidered in Chapter IV., and Chapter V. considers the importance of the 
etch figure in isomorphism. Chapter VI., the main part of the book, 
treats of the symmetry of several important minerals as shown by their 
15 etchings, and is illustrated by excellent photographs and drawings. 
Chapter VIII. closes with a summary and conclusions. 

From it one learns that etch figures will indicate specifically to which 
the crystal type a mineral belongs, frequently with greater rapidity and pre- 
inal cision than the older methods, provided one is familiar with the technique. 
ba- But, it appears, the results may vary with the reagent and the duration 
1WwSs 


of etching, consequently considerable care in interpretation must be 
sult used. It is, however, a useful method, and the mineralogist, economic 





uld geologist, and metallurgist can read the book with profit. The methods 
on- should be usable with polished surfaces of opaque metals or minerals, to 
call determine a given crystal face—a determination often of value, espe- 
sure cially to the metallurgist working with metal crystals. The book is 


well printed on heavy coated paper. 
ALAN BaTEMAN. 
23 
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The Earth and Its History. By JoHN Hopcpon Brap.ey, Jr. Published 
by Ginn and Co., 1928. 8vo. 414 pages, 257 illustrations. 

This latest addition to the increasing number of elementary textbooks 
of geology is neither the best nor the worst of its kind. It is designed 
for use in a short course which attempts to survey the whole field of 
geology. Its most distinctive features are the order of treatment of sub- 
ject matter and the inclusion of a chapter on the history of geology. 

Chapter I (35 pp.), headed “ The Earth As It Appears Today,” deals 
with the atmosphere, hydrosphere and lithosphere, including two and 
one half pages on rocks. Chapter II (58 pp.), “ Surface Processes of 
Destruction,” treats of weathering, running water, underground water, 
snow and ice, the ocean and organisms. Chapter III (38 pp.), “ Surface 
Processes of Construction” deals with the origin of continental deposits 
such as mantle rock (even though residual!), windlaid deposits, river- 
laid deposits (including lateral planation), glacial deposits, etc., and the 
marine deposits. Although the arrangement in chapters II and III may 
be justified logically, certain paragraphs in the work exemplify the 
practical difficulty of making a separation of such closely connected proc- 
esses as erosion and deposition. Chapter IV (41 pp.), “ Subterranean 
Processes of Deformation” considers diastrophism and vulcanism. Chap- 
ter V (46 pp.), “ Rocks and the Architecture of the Earth” has three 
sections—one on the origin of rocks, the second on the “ structure of the 
interior of the earth” (dealing with rock flowage, strength of the earth’s 
crust, and isostasy, which belong in Chapter IV) and a third on the 
“surface framework of the earth,” dealing with joints, faults, folds and 
the structure of mountains. Great areas of nearly horizontal rocks in 
the plains and plateaus are neglected. Chapter VI (52 pp.), entitled 
“Geological Time and the Evolution of the Continents,’ gives a short 
summary of historical geology. In Chapter VII (60 pp.), “ Fossils and 
the History of Life on Earth,” over half the space is devoted to descrip- 
tions of the phyla of plants and animals and only fifteen pages to the 
“progressive development of life.” The biology thus seems to over- 
shadow the geological sequence. Chapter VIII (42 pp.) traces the 
“Growth of Knowledge of the Earth.’ One may wonder whether this 
historical material like certain medicines may not better be administered 
in small doses. Surely a teacher can establish the concept of a growing 
science of geology without so much detail. Probably the subject has less 
interest to freshmen than to professional geologists. The purpose how- 
ever is commendable. Chapter IX (24 pp.), “Geology in the Service 
of Man,” deals with the general scope of geological service, the applica- 
tions of geology in exploration, mining, engineering, etc., and with the 
relations of geology to law, conservation, military affairs and education. 
This might easily have been expanded, say at the expense of Chapter VII. 
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Many of the figures are refreshingly new, though a few pictures are 
obscure. The pictures of conglomerate and marble for example are 
scarcely recognizable. In portraying structures three-dimensional dia- 
grams are used to good effect. Mechanically the book is first-class. In 
the chapters which deal with interior processes one notes a refrain of 
such expressions as “ nobody knows,” “no one knows,” “ much-mooted 
question,” “debated question,” etc. which overemphasize to immature 
students the limitations of geological knowledge. Students commonly 
use such expressions as a cue to a pessimistic attitude which leads them 
to say that geology is all guess-work in which the lucky guesser wins. 
Dogmatism is equally out of place of course, but in facing the truth one 
does not have to weaken his position by leaning too far backward. In 
spite of these and other minor criticisms the author is to be congratulated 
upon his success in emcompassing so much of the thought and spirit of 
geology within one small volume. 


Tra S. ALLISON. 
UNIVERSITY OF MINNESOTA, 
MINNEAPOLIS, MINN. 


Isostasy. By Witt1AM Bowler. pp. xiv + 275, 39 figures. E. P. Dutton 
and Co., New York, 1927. $5.00. 

This book presents in a non-technical way the geodetic evidence for 
isostatic balance in the Earth’s crust, and discusses at some length the 
geologic implications. The author concludes that isostatic equilibrium in 
a comparatively shallow shell has been actually proved. Nearly all 
anomalies in gravity values may be explained, he believes, by the influence 
of abnormally heavy or light rock near the surface. Because the isostatic 
evidence implies a weak crust, he rejects the idea, commonly held by 
geologists, that mountain folds and thrusts are produced by horizonal 
forces transmitted through long distances. In lieu of this idea he assumes 
that vertical movements have produced mountain structures as incidental 
effects. 

The principal criticism of the book from the viewpoint of geology is 
its failure to consider the geologic evidence. An attempt is made to 
deduce the geologic consequences, on the assumption that nearly perfect 
isostasy is maintained at all times. This approach to the subject of dias- 
trophism has its value; but as some of the conclusions do not accord with 
geology, it appears there is some weakness either in the argument or in 
the fundamental assumptions. Bowie rightly emphasizes the necessity 
of considering the principles of isostasy in discussions of crustal de- 
formation; but any such discussion must be guided and checked also by 
the results of inductive study on the side of geology. 

C. R. Lonewe tt. 
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BOOKS RECEIVED 


North America. By I. C. Russerr. 2d edit. 435 pp., 39 figs., 7 plates. 
Oxford University Press, American Branch, New York, 1927 (March, 
1928). Price, $4.25. 

Geographical; land areas, climate, life, geology, aborigines, political. 

The chapter on Geology has been revised by Dr. Arthur Holmes. In- 

terestingly written, descriptive, elementary, and not up to date. 


Plants as Indicators of Ground Water. By O. E. Mernzer. U. S. Geol. 
Surv. Water Supply Paper 577. 95 pp. 1928 (March). 
Discussion of plants that do and do not feed on ground water, and 
their value as ground water indicators. 


Geology and Oil and Gas Possibilities of N. E. Colorado. By Kk. F. 
MatuHer, J. Grttuty, and R. G. Lusk: U. S. Geol. Surv. Bull. 
796-B. 59 pp. 1928 (March). 

Treats of geology, structure, and oil and gas possibilities of the Upper 

Dakota group. 


Chemical Character of Waters of Florida. By W. D. Cotttns and C. 
S. Howarp. U. S. Geol. Surv. Water Supply Paper 596-G. 56 pp. 
1928 (March). 


Geology of the Virginia Triassic. By JosrpH K. Roperts. Virg. Geol. 
Surv. Bull. 29, 1928 (April). 205 pp. 
Describes the geology, coal, building stones, and oil and gas possi- 
bilities. 


Hampshire and Hardy Counties, West Virginia. By J. L. Tirtox. W. F. 
Prouty, R. C. Tucker and P. H. Price. 624 pp., 77 pl. 19 figs., 
separate case of topographic and geologic maps. West Virginia Geol. 
Survey, Morgantown, 1927 (April, 1928). Price, $3.00. 


Der Bewegungsmechanismus der Erde. By Dr. Rupotr Straus. 270 pp., 
44 figs., world map. Gebriider Borntraeger, Berlin, 1928 (April). 
Price, 20.50 marks. 

A careful detailed treatise of the major structural features of the 
world. 
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SCIENTIFIC NOTES AND NEWS 





Chester W. Washburne, who returned to this country in March from 
Venezuela, has now gone to San Paulo, Brazil. 

George Otis Smith, Director of the U. S. Geological Survey, and Presi- 
dent of the American Institute of Mining Engineers, will deliver the 
annual Commencement address at the Colorado School of Mines. 

B. J. Henderson succeeds the late P. G. Morgan as director of the 
Geological Survey of New Zealand. 

H. B. Milner has returned to England and resumed work at the Im- 
perial College after his trip to Iraq and Persia. 

H. W. Wright has returned from Italy to his home at 2128 Wyoming 
Avenue, Washington, D. C. 

Fred B. Ely has returned from Venezuela to New York. 

W. A. J. M. van der Gracht, of the Marland Oil Company, has returned 
to Holland. 

R. S. Knappen, formerly at Pittsburgh, with the Gulf Oil Company, 
is now in Tulsa, Oklahoma, with the Gypsy Oil Company, a subsidiary 
of the Gulf. 

B. L. Johnson has been transferred from the Foreign Statistics section 
of the U. S. Bureau of Mines to the Non-Metals division, where he is to 
make a study of phosphates and _ nitrates. 

John R. Wilson, of the Pan-American Petroleum and Transport Co. 
in Mexico, has now become assistant professor of geophysics at the 
Colorado School of Mines. 

Reginald E. Hore, of Toronto, Canada, has been engaged as consulting 
geologist by the Natural Resourses Department of Canadian National 
Railways, Montreal. 

Louis B. Slichter, of the firm of Mason, Slichter & Hay, recently gave 
a series of five lectures on Physical Methods of Prospecting at the 
Harvard Engineering School. 

Frank Reeves, of the U. S. Geological Survey, has returned to the 
valley of Virginia to resume his study of hot springs in codperation with 
the State Geological Survey. 

T. A. Jaggar, Jr., of the U. S. Geological Survey, has gone to the 
Pavlof region of Alaska. 


C. E. Siebenthal has returned to Washington after a trip to the Joplin 
district, Missouri. 
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Carl Lausen, formerly connected with the Arizona Bureau of Mines 
and now with the United Verde Copper Company, has been making a 
survey of the mineral possibilities of the Oatman district in Arizona. 

S. J. Truscott, professor of mining at the Royal School of Mines, 
London, has been elected president of the Institution of Mining and 
Metallurgy. 

E. W. Todd has resigned from the Ontario Department of Mines, to 
take charge of geological work for the Harker Mines in Northern 
Ontario. 

A. Broughton Edge, who has been in Rhodesia, is now engaged in geo- 
physical surveying in Western Australia. 

F. R. Lynch, of the Anglo-American Corporation, is in Johannesburg 
after a trip to London. 

George H. Miller, of Pittsburgh, Pa., is now head of the Mines Safety 
Service, U. S. Bureau of Mines, in Alaska. 

Raymond Brooks, former manager of Rhodesian Congo Border Con- 
cession, is visiting Africa on professional business. 

T. Bray and C. Collet, of Kimberley, British Columbia, are engaged 
in exploration work in Nigeria for Consolidated Mining and Smelting. 

D. Gilchrist, manager of Loangwa Concessions, Ltd., Northern 
Rhodesia, has become assistant manager of Rhodesian Congo Border 
Concession, Ltd. 

Richard M. Field, professor of geology, will conduct a tour in connec- 
tion with the Princeton University summer school of geology. starting 
June 21 and visiting Western mining districts. 

E. G. Ladd has been appointed consulting geologist for the Armco 
Culvert Manufacturers’ Association. 

C. R. McCollom has resigned as chief geologist of the Union Oil Com- 
pany of California, and is now at 452-53 Roosevelt Building. Los An- 
geles, Cal. 

D. B. Myers is now chief geologist of the Union Oil Company of 
California, at Los Angeles. 

George R. Farish, who has been spending some time in Italy, has now 
returned to New York. 

H. J. Connolly, government geologist of British Guiana, has been 
spending some time in New York. 

Roy A. Wilson, chief geologist for the California Petroleum Corpora- 
tion of Venezuela, has returned to Caracas, Venezuela. 

C. O. Swanson, of Canada, has been appointed professor of geology 
at the Michigan College of Mines. 

John E. Penberthy, of Douglas, Arizona, has gone to the Belgian 
Congo as one of the staff of the Union Miniére, at Elizabethville. 





| 


ty 


n- 


ed 
Z. 
m 


ler 


m- 


n- 


dW 


en 


an 





SCIENTIFIC NOTES AND NEWS. 351 
J. B. Scrivenor returned to the Federated Malay States in February. 
J. C. MacGregor is geologist for the Mandy Mines, in The Pas dis- 

trict, Manitoba, Canada. 

Sir Edgeworth David, Australian geologist, returned last December to 
Sydney, after two years in England. 

W. C. Mansfield, of the U. S. Geological Survey, accompanied by W. 
P. Popenoe, is working in codperation with the Virginia Geological Sur- 
vey in-mapping the Coastal Plain of Virginia. 

C. E. Dobbin, of the U. S. Geological Survey, is in Denver, at 212 
Custom House Building, acting as consulting geologist for the leasing 
section of the Survey in the Rocky Mountain States, Oklahoma and 
California. 

FE. P. Henderson, of the U. S. Geological Survey, is engaged with other 
members of the Survey in investigating potash deposits in New Mexico 
and Texas. 

E. T. McKnight, of the U. S. Geological Survey, has resumed work on 
the lead zinc deposits of northern Arkansas. 

W. T. Shaw, Minister of Mines for British Columbia, died March 2. 
He is succeeded by H. W. Sutherland. 

Chase Palmer, a widely known chemist, whose contributions were of 
fundamental importance, died at San Francisco, Cal., Nov. 18, 1927, at 
the age of seventy-one years. He was educated at Princeton and Johns 
Hopkins (Ph.D., 1882). He taught for a number of years in various 
institutions in the East and middle West, and for several vears operated 
a zinc mine in the Joplin district of Missouri. In 1907 he joined the U. 
S. Geological Survey and for twelve years was engaged on problems 
relating to natural waters, ore deposition, and enrichment. He is best 
known for his geochemical. system of the classification of natural waters, 
which has been generally adopted in the discussion of oil field waters. 

Since 1919, Dr. Palmer has been active in the study of oils, waters, and 
allied subjects, in a consulting capacity. His chemical genius and the 
pleasure he took in elucidating the application of chemistry to the 
geological problems of his fellow workers were outstanding features of 
his character which won him a host of friends. 

The New York State Geological Association will hold its annual field 
meeting at Cornell University on May 11 and 12. Visits will be made to 
the Portland limestone quarries, Enfield Gorge, and Taughannock Falls. 

The Fifteenth International Geological Congress has just sent out its 
second circular. No second circular has ever been issued that contained 
so much and such practical information. The Congress will be held in 
Pretoria, South Africa, July 29 to August 7, 1929. The chief sub- 
jects for discussion are: (1) The gold resources of the world; (2) 
magmatic differentiation; (3) pre-Pleistocene glacial periods; (4) the 
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Karroo system, its stratigraphy, paleontology, the world distribution; 
(5) the genesis of petroleum; (6) geological work of microorganisms. 
Titles of papers must be submitted by June 1, 1929. The excursions are 
unusually well planned, in three groups: A, before the Congress, B. 
during it, and C, after it. They are: A-1, Chapman's Peak, one 
day, July 16; A-2, A-4, Table Mountain, one day, July 16-17; A-3. 
Sea Point, one-half day, July 17; A-5, Cape Kimberley. nine days, July 
18; A-6, Kimberley-Johannesburg, ten days, July 17; A-7, Pretoria, one 
day, July 28; B-8, Johannesburg, three days. July 31; B-9, Rustenburg 
platinum deposits, one day, July 31; B-10, Franspoort alkali rocks, one- 
half day, Aug. 3; B-11, Salt Pan, one day, Aug. 4; B-12, Hartebeestpoort, 
one day, Aug. 4: B-13, Pretoria iron mines, one-half day, Aug. 5; B-14, 
Premier diamond mine, one day, Aug, 6: C-15, Vredefort, Granite Dome, 
three days, Aug. 8; C-16, Devil's Kantoor, two days, Aug. 7; C-17, Port 
Elizabeth, seven days, Aug. 10; C-18, Durban-Zululand, nine days, Aug. 
10: C-19, Bushveld, nine days, Aug. 12; C-20, Rhodesia, fourteen days, 
Aug. 8. The excursions are so arranged that those landing in Cape Town 
can journey via an excursion to Pretoria. An unusually thoughtful ar- 
rangement is that those prevented from joining Excursion A-6, for 
example, may by B-8 and B-14 have a short visit to Johannesburg and 
Kimberley. A supplement to the second circular will shortly be issued 
giving concessions in fares granted on ships. Application for member- 
ship on excursions must be received not later than April 1. But owing 
to the long time necessary for correspondence, the secretariat would 
greatly appreciate it if membership to the Congress and excursions, 
and submission of titles, be not deferred until the last date. The tele- 
graphic address of the Congress is “ Intercon, Pretoria,” and communica- 
tions should be addressed to ‘‘ General Secretary, 15th Inter. Geol. Con- 
gress, Box 391, Pretoria, South Africa.” 

We congratulate the committee on the earliness and thoroughness of 
their preparations. No preceding Congress appears to have been so well 
arranged. The editor of this journal will be glad to answer inquiries 
from our readers. 








